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Abstract 
Characterization of Room Temperature Ionic Liquid Solvent Based Free Radical 
Copolymerized Network Gels 
Joseph F. Stanzione III 
Giuseppe R. Palmese, Ph.D. 
 
 
 
Cross-linked ionic liquid gels (ILG) were generated via a free radical 
copolymerization of 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) and 
N,N’methylenebis(acrylamide) (MBA) using 1-ethyl-3-methylimidazolium ethylsulfate 
[EMIM][EtSO4] as a room temperature ionic liquid (RTIL) solvent medium.  The AMPS 
and MBA solubility window in [EMIM][EtSO4] at 65°C was determined using a 
statistical design of experiments approach considering that potassium persulfate (PPS) 
was used as a fixed initiator concentration.  In-situ attenuated total reflectance-Fourier 
Transform Infrared  (ATR-FTIR) spectroscopy showed complete conversion of carbon-
carbon double bonds in approximately 300 minutes, where an overall reaction rate 
constant of 0.069 min
-1 
was determined.  Dynamic mechanical analysis and differential 
scanning calorimetry revealed that the glass transition temperature (Tg) of the resultant 
ILG could be varied from approximately -85 to -60°C.  Additionally, quasi-static 
mechanical testing showed an elastic modulus in compression range of 10 to 11,400 kPa.  
The molecular weight between cross-links and the interaction parameter were found to 
have ranges of 5.0 x 10
2
 to 4.0 x 10
5
 and 0.54 to 1.40, respectively.  Gravimetric analysis 
indicated that swelling of the ILG is dependent on the relative humidity of the 
atmosphere, but was found to be more environmentally stable than traditional collagen 
based gels.  Furthermore, electrical conductivity analysis demonstrated a potential for the 
ILG as membranes in separations or as actuators. 
  
 Chapter 1: Introduction 
 
 
 
1.1   Motivation 
 
 
1.1.1   Traditional Ballistic Gelatin 
 
 
 Gelatin is a brittle, translucent, virtually tasteless solid substance that is derived 
from collagen extracted from connective tissue of animals.  Collagen is a protein whose 
primary function is to aid in supporting the extracellular matrix of most tissues.  Typical 
ordnance or ballistic gelatin is synthesized from the skins of animals where collagen, 
which has previously been extracted from the skin, is partially hydrolyzed [1-3].  This 
partial hydrolysis produces a physically cross-linked network that contains hydrophilic 
and hydrophobic subunits.  Gel formation is a result of hydrogen bonding and 
hydrophobic interactions. 
 Currently, naturally derived ballistic gelatin (BG) is the most widely used 
surrogate to evaluate the effects of blunt trauma on soft tissue [4].  Earlier research has 
demonstrated that the elastic modulus of soft tissue varies from 25 to 300 kPa [5].  The 
elastic modulus of BG has been shown to be between 100-150 kPa [6-7].  However, due 
to the dependence of the mechanical properties of BG on the concentration of water 
within and surrounding the gelatin, using BG as a standard test medium is challenging 
[8].  The evaporation of water occurs rapidly at ambient temperature, which is the result 
of a significant mass transfer gradient between the higher concentration of water within 
the BG and the lower concentration of water vapor in the surrounding atmosphere [9].  
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Moreover, studies have reported batch-to-batch reproducibility issues even with repetitive 
synthesis techniques [5-6, 8-11]. 
 
1.1.2   Hydrogels 
 
 
Related to the area of bodily surrogates, recent work has been conducted on 
hydrogels, which are water-swollen polymer networks [12-15].  However, like ballistic 
gelatin, hydrogels have a limited window in which mechanical properties maintain 
consistency, unless the gel is permanently immersed in water.  Therefore, the use of 
hydrogels as a potential replacement for ballistic gelatin in blunt trauma testing on soft 
tissue is considered a starting point for the utilization of covalently bonded cross-linked 
polymer networks encapsulated in a solvent medium rather than a complete solution. 
2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) and N,N’-
methylenebis(acrylamide) (MBA) are examples of a mono-functional and bi-functional, 
or cross-linking, monomer, respectively, which were synthesized into hydrogels [12-14].  
These monomers, along with a free radical initiator, are employed extensively in this 
study to synthesize room temperature ionic liquid gels. 
 
1.1.3   Room Temperature Ionic Liquids 
 
 
Room-temperature ionic liquids (RTIL) have also been researched as novel 
solvents for polymers and polymerizations [16-22].  RTIL are advantageous 
polymerization media due to having low vapor pressures, low viscosities, and highly 
tunable ‘designer’ structures, while potentially being environmentally friendly chemicals 
[23].  The low vapor pressure and viscosities of RTIL guarantee minimal loss of solvent 
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to the environment and enables workability of the material.  Therefore, a room-
temperature ionic liquid that is compatible with AMPS and MBA, both in monomer and 
polymer form, and is relatively inexpensive, is desired to be the polymerization medium 
and gel encapsulation agent.  The room-temperature ionic liquid selected for investigation 
is 1-ethyl-3-methylimidazolium ethylsulfate ([EMIM][EtSO4]). 
 
1.1.4   Room Temperature Ionic Liquid Gels 
 
 
 The purpose of this study is to investigate the possibility of synthesizing a 
polymer gel in a room-temperature ionic liquid.  Creating a reproducible synthesis 
procedure and quantitatively assuring complete conversion of monomers to polymer are 
important features of this synthesis investigation. 
 More importantly, the purpose of this study is to investigate the usage of 
environmentally stable, room-temperature ionic liquid gels (ILG) as tissue surrogates for 
blunt impact testing with the intention of replacing ballistic gelatin as the conventional 
testing medium.  Additional potential applications of ILG are also discussed as 
recommendations at the end of this study.  As reported by Jussila of the Police Technical 
Centre in Helsinki, Finland, a good tissue surrogate must meet the following 
requirements [8, 24]: 
• Similarity in the deceleration of the projectile between the stimulant and the living 
tissue the stimulant has been validated for; 
• Similarity in the deformation behavior of the projectile; 
• Similarity in the kinetic energy dissipation; 
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• Kinetic energy dissipation measurability with reasonable accuracy; extrapolation 
of temporary cavity diameter; 
• Elastic behavior similar to living tissue for observation and measurement of 
temporary cavity formation and tissue compression; 
• Extrapolation of permanent cavity diameter; and 
• Reproducibility. 
Specifically, this study focuses on two of the bulleted items mentioned by Jussila: the 
elastic behavior and reproducibility of ILG.  Furthermore, this study focuses on tailoring 
material properties and environmental stability of the gels. 
 
1.2   Overview 
 
 
 In an effort to gain valuable insight into the utilization of room-temperature ionic 
liquids as a solvent medium for polymerizations and ensuing physical property 
characterizations, this work is divided into four chapters.  The first three chapters are 
dedicated to describing the synthesis of room temperature ionic liquid gels (ILG) while 
the fourth chapter is dedicated to physical property characterization of the gels. 
 Chapter 2 presents the synthesis of ILG with a brief description of the synthesis of 
ballistic gelatin (BG).  BG is used for environmental gravimetric comparison with the 
initially produced ILG for preliminary analysis.  The goal of this part of the study was to 
determine a robust, reproducible procedure for synthesizing ILG.  The chapter begins 
with background information regarding the link between polyamide-based hydrogels and 
ILG.  The chapter then describes the chemicals utilized in this study, outlines the 
synthesis procedure, and, lastly, illustrates the results for the initial ILG created.   
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 Chapter 3 presents a cure kinetics study of the ILG.  The goal of this portion of 
the study was to determine quantitatively whether total conversion of monomer carbon-
carbon double bonds to polymer single bonds could be achieved.  By ensuring complete 
conversion, polymer synthesis becomes robust and reproducible with the ability to 
eliminate batch-to-batch variations and to apply trustworthy synthesis procedures to 
different formulations.  Moreover, by ensuring complete conversion, tailoring of the ILG 
to achieve specified physical properties is possible.  The chapter begins with background 
information regarding a Fourier transform infrared spectroscopy technique for monitoring 
polymer curing.  The chapter continues with a description of the materials and equipment 
used to conduct the cure experiments.  The chapter ends with an illustration and 
discussion of the results. 
 Chapter 4 presents a solubility study, design of experiment (DOE), and 
implementation of the DOE.  The objective of this part of the study was to determine the 
acrylamide-based monomer solubility window in [EMIM][EtSO4] that is directly related 
to the synthesis technique delineated in chapter 2.  Furthermore, after the establishment 
of the solubility window and based on a statistical design of experiment, the goal of this 
study was to produce ILGs of different formulations that exhibit the possible physical 
properties range.  The chapter begins with background information into monomer 
solubility in room-temperature ionic liquids and a description of the statistical design of 
experiment with subsequent implementation.  The chapter continues with a discussion of 
the materials, procedures, and software utilized to conduct these experiments. The 
chapter ends with a discussion of the results of the solubility experiments and DOE.  The 
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ILG synthesized in this chapter were subjected to the physical property experiments and 
is discussed in chapter 5. 
 Chapter 5 presents the physical property characterization studies of ILG.  The 
goal of this portion of the study was to determine the physical property range of the gels 
and to compare the gels to BG and soft tissue.  The chapter begins with background 
information that describes the physical properties desired and the techniques used for 
property attainment.  The physical property studies include glass transition temperature 
analysis, elastic modulus in compression analysis, the gravimetric absorption of ionic 
liquid, the gravimetric absorption of atmospheric water vapor, and a conductivity 
analysis.  The chapter continues with a description of the procedures used to conduct the 
studies and ends with an illustration and discussion of the results. 
 Chapter 6 summarizes the results of this effort and discusses areas for potential 
future work with recommendations of alternate applications for the ILG. 
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Chapter 2: Synthesis of Ionic Liquid Gels and Ballistic Gelatin 
 
 
 
 A description of the thought process in establishing a robust, reproducible 
procedure for synthesizing room temperature ionic liquid gels (ILG) is given in this 
chapter.  The chapter is divided into four main sections.  The first section establishes the 
link between polyamide-based hydrogels and room-temperature ionic liquid gels.  This 
link is connected through literature references and laboratory experience synthesizing and 
handling hydrogels.  This section also provides the basis for the utilization of a room-
temperature ionic liquid (RTIL) as the solvent polymerization medium, in particular, the 
utilization of a hydroscopic RTIL. 
 The second section describes the chemical nature of the materials considered in 
the present study.  This section also provides a hypothesis as to how the chemicals will 
interact with each other before, during, and after polymerization. 
 The third section outlines the procedure used for synthesizing ILG.  This section 
also describes the equipment, tools, and supplies used in the synthesis.  In addition, this 
section outlines the procedure used for synthesizing ballistic gelatin. 
 The final section of the chapter contains results and a discussion of the 
experiments conducted, which leads into subsequent chapters that investigate reaction 
kinetics, solubility of monomers in a RTIL, and physical property characterizations. 
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2.1   Background 
 
 
 As mentioned in chapter 1, hydrogels are polymer networks that are encapsulated 
or swollen with water.  One of the research focuses associated with hydrogels is to 
investigate the use of these gels in the bioengineering field.  Such applications of 
hydrogels in this field range from internal, controlled drug delivery to artificial organs.  
Since the human body is comprised of mostly water, hydrogels show great viability and 
potential as surrogates for internal usage.  However, in mimicking soft tissue in external 
applications, hydrogels demonstrate great difficulty.  Like ballistic gelatin, hydrogels 
have a limited window in which mechanical properties maintain consistency, unless the 
gel is permanently immersed in water or water buffer solution.  Therefore, hydrogels as a 
potential replacement for ballistic gelatin in blunt trauma testing on soft tissue is 
considered only as a starting point for the utilization of covalently bonded cross-linked 
polymer networks encapsulated in a solvent medium. 
 Dinu et al., Gong et al., and Ozmen and Okay have recently published journal 
articles related to hydrogels [12-14].  Each research group utilized 2-acrylamido-2-
methyl-1-propanesulfonic acid (AMPS) as the mono-functional monomer and two out of 
the three groups used N,N’-methylenebis(acrylamide) (MBA) as the bi-functional 
monomer, or cross-linking agent, in order to construct the cross-linked polymer network 
of the hydrogels.  Through the use of a monomer with a strong acid functional group, the 
interaction between the solvent, water, and the swollen polymer network is theorized to 
be compatible and ionic in nature. 
 The original idea of this study was to synthesize hydrogels and then exchange 
water, which evaporates readily at normal laboratory operating conditions, with a low 
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vapor pressure, and relatively inexpensive, theoretically compatible RTIL.  This 
replacement would then create a room-temperature ionic liquid gel.  1-ethyl-3-
methylimidazolium ethylsulfate ([EMIM][EtSO4]) was chosen as the RTIL.  
[EMIM][EtSO4] exhibits compatibility with the AMPS-MBA polymer network in that 
both anionic parts of AMPS and [EMIM][EtSO4] are sulfonic in nature.  [EMIM][EtSO4] 
is also considered a highly hydroscopic RTIL; however, storage of the gels in an inert 
atmosphere prior to usage is considered a viable option with drying of the gels as a 
potential solution if water absorption occurs.  Moreover, [EMIM][EtSO4] has a relatively 
low viscosity at normal laboratory operating conditions; therefore, workability of this 
solvent is not an issue.  However, the replacement of water with [EMIM][EtSO4] in 
already-cured hydrogels was found to be limited, time-consuming, and not reproducible.  
Therefore, synthesizing the AMPS-MBA polymer network in situ with [EMIM][EtSO4] 
became the primary focus of this study. 
 
 
2.2   Materials 
 
 
2.2.1   Description of Applied Chemicals 
 
 
2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS, Sigma Aldrich 99 percent 
purity) and N,N’-methylenebis(acrylamide) (MBA, Sigma Aldrich 99 percent purity) 
were the mono-functional monomer and bi-functional monomer (cross-linking agent) 
utilized, respectively.  1-ethyl-3-methylimidazolium ethylsulfate ([EMIM][EtSO4], Fluka 
≥ 95 percent purity) was the RTIL employed and potassium persulfate (PPS, Sigma 
Aldrich 99.99 percent purity) was the free radical initiator source considered necessary 
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for the copolymerization of AMPS and MBA to form a cross-linked polymer network.  
AMPS, MBA, and PPS are crystalline, white solids at room temperature while the RTIL 
is a clear to golden-hued liquid with a relatively low viscosity of 120.4 mPa @ 20°C [25].  
All chemicals were used as received.  AMPS was stored in glass jars after being 
pulverized into a fine powder using a ceramic mortar and pestle.  MBA was stored in a 
freezer at -15°C while [EMIM][EtSO4] was stored at room temperature.  Both were 
stored in original containers.  PPS was stored at 4°C in a refrigerator using the original 
container.  Figure 2.1 shows the molecular structures of the chemicals utilized. 
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Figure 2.1. Chemical structures of AMPS (top left), MBA (top right), 
[EMIM][EtSO4] (bottom left), and PPS (bottom right). 
 
 
 
 In order to synthesize the ILG, chemical and physical properties of the starting 
chemicals must be known with the most important property being molecular weight.  
Table 2.1 summarizes the relevant properties of the chemicals utilized in this study. 
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Table 2.1. Physical properties of AMPS, MBA, PPS, and [EMIM][EtSO4] [25-29]. 
 
Chemical Molecular Weight 
(g/mol) 
Melting Point 
(°C) 
Density        
(g/cm
3
) 
Viscosity (cP) 
AMPS 207.35 195  
MBA 154.17 > 300 
[EMIM][EtSO4] 236.29 < -65 1.24 120.4 @ 20°C 
PPS 270.32 100 2.48  
 
 
 
 For the synthesis of ballistic gelatin (BG), 250 bloom type A ordnance gelatin and 
distilled water were used as the gelatin powder and solvent, respectively [9].  250 bloom 
type A ordnance gelatin is comprised of light yellowish spherical beads.  The gelatin was 
stored in a clear plastic bag in a 4°C refrigerator to eliminate any premature uptake of 
water. 
 
2.2.2   Hypothesis of Chemical Interactions 
 
 
 AMPS and MBA are expected to interact chemically in [EMIM][EtSO4] as in 
H2O, whereby AMPS will form the majority of the main chain of a cross-linked polymer 
structure with MBA randomly dispersed providing cross-links.  The randomness of the 
polymer matrix is related to the use of a free radical initiator, PPS, whose radicals react 
vinyl groups of both AMPS and MBA in a random fashion.  Reaction between 
[EMIM][EtSO4] and PPS is not expected since [EMIM][EtSO4] lacks terminal vinyl 
groups.  This type of polymerization mechanism is classified as a free radical 
polymerization due to the nature of PPS to form radicals upon heating.  Moreover, PPS 
contains ionic characteristics; however, both cationic and anionic polymerization 
mechanisms are considered negligible with degradation of peroxide bonds the primary 
initiating source.  Figure 2.2 illustrates the initiation and propagation steps of this free 
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radical copolymerization whereby, in general, the probability of an initiator radical to 
react with an AMPS monomer is considered much greater than the probability of an 
initiator radical to react with an MBA monomer due to a higher molar concentration of 
AMPS than MBA in solution.  For solutions that contain higher molar concentrations of 
MBA, the probability of an initiator radical to react with an MBA monomer becomes 
greater and, in general, the propagation of the polymer chains occurs in a similar fashion 
to that illustrated in Figure 2.2. 
 
• → °∆ PPSPPS C 2)65(~    Initiator decay 
•→+• AMPSAMPSPPS    Radical attacks monomer 
•→+• MBAMBAPPS    Radical attacks monomer 
( )•−→+• AMPSAMPSAMPSAMPS
 AMPS homopolymerization 
( )•−→+• MBAAMPSMBAAMPS
  AMPS-MBA copolymerization
 
•−→+• )( AMPSMBAAMPSMBA
 AMPS-MBA copolymerization 
( )•−→+• MBAMBAMBAMBA   MBA homopolymerization 
Figure 2.2. Free radical mechanism of AMPS and MBA 
polymerization with PPS as initiator. 
 
 
 
[EMIM][EtSO4] is expected to act as a solvent in which polymerization can occur 
and as a stable plasticizer which allows the gel to be in the rubbery state at room 
temperature throughout polymerization.  [EMIM][EtSO4] is suggested to interact with the 
cross-linked polymer network through ionic bonding with the sulfonic acid groups 
located on the AMPS molecules.  Since ionic bonding is characterized as being 
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significantly stronger than hydrogen bonds, the ILG are theorized to be more 
environmentally stable than traditional hydrogels.  Moreover, the formation of ionic 
aggregates or ionic clusters during polymerization is possible with investigation of this 
phenomenon considered outside the scope of this thesis but highly recommended as 
future work [30-33]. 
 
 
2.3   Synthesis Procedures 
 
 
2.3.1   ILG Synthesis Procedure 
 
 
 AMPS was pulverized into a fine, powdered substance in a ceramic mortar and 
pestle.  Turning AMPS into a fine powdered substance, thereby increasing overall surface 
area of the particles, aided in the ease with which AMPS dissolved into the solvent.  The 
solvent, [EMIM][EtSO4], was added to a glass beaker first.  Next, powdered AMPS was 
added and thoroughly mixed using a metal stirring rod.  A thin cloth, preferably a 
KimWipe
TM
, was then fastened to the top of the beaker using a rubber band and the 
beaker was placed in an oven at approximately 130°C with vacuum pump running 
continuously for 20 minutes.  At this stage, water is removed from both the 
[EMIM][EtSO4] and the AMPS aided by the temperature being elevated above the 
normal boiling point of water and a reduced pressure.  This removes the solubility barrier 
between the two chemicals.  Due to the hydroscopic nature of both AMPS and 
[EMIM][EtSO4], residual water is present even after appropriate storage.  The residual 
water creates hydrogen bonds with the chemicals.  This interaction creates a solubility 
barrier between AMPS and [EMIM][EtSO4].  This barrier is not lifted upon mixing due 
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to the greater affinity of both chemicals towards water than towards each other.  
Therefore, the previously mentioned conditions are required to remove any residual water 
from the system and to effectively dissolve AMPS into [EMIM][EtSO4]. 
After 20 minutes, the vacuum pump was shut off, the bleed valve was opened, the 
beaker was removed from the oven, and the thin cloth was detached once the beaker was 
cool enough to handle.  Upon vigorously stirring the mixture with a metal stirring rod and 
replacing the thin cloth, the beaker was then placed in the oven at approximately 130°C 
with vacuum pump running continuously for 10 minutes.  At the end of 10 minutes, the 
beaker was removed from the oven in the same fashion as before.  The thin cloth was 
detached from the beaker once the beaker was cool enough to handle.  Thirty minutes of 
high temperature and continuous vacuum exposure should result in most, if not all, of the 
white solid AMPS particles dissolved into the [EMIM][EtSO4].  Depending on the size of 
the sample being synthesized, repeated heating under vacuum is recommended to ensure 
complete dissolution. 
Next, MBA was added and the solution was stirred vigorously.  Following the 
addition of MBA, the beaker was returned to the 130°C oven with a thin cloth fastened to 
the top.  Again, vacuum pump ran continuously for 10 minutes.  A subsequent repeat of 
heat application with vacuum is recommended until the white solid MBA particles vanish 
or dissolve into solution.  The number of repeats depends on the size of the sample being 
synthesized.  Again, dissolution was aided by an elevated temperature and vacuum.  After 
MBA has wholly dissolved into the solution, the beaker was cooled to room temperature.  
For faster cooling, submersion of the beaker into a cool water or ice bath is 
recommended. 
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Once the beaker has cooled down to room temperature, PPS was added to the 
beaker and solution was stirred briskly until most, if not all, of the white PPS particles 
disappeared.  Immediately following the addition of PPS, the solution was dispensed into 
20 mL scintillation glass vials, into top or bottoms halves of glass Petri dishes, and into 
in-house, cylindrically-shaped silicone molds.  These containers were utilized during the 
polymerization stage of the procedure to produce samples of various dimensions.  The 
polymerization containers with the appropriate amount of solution were then transferred 
to a 65°C oven where vacuum was pulled for approximately three to four minutes 
depending on the appearance and disappearance of bubbles or gases evacuating from 
solution.  Extreme caution is recommended here.  Vacuum extending past four minutes 
may result in gas evacuation during initiation of polymerization.  The solution is initially 
at room temperature upon placement into 65°C oven.  However, as time elapses, the 
temperature of solution approaches 65°C, which is an ideal temperature for a controlled 
decomposition of PPS into free radicals; thus, initiating the polymerization. 
After three to four minutes, the vacuum pump was turned off and house nitrogen 
gas was bled into the 65°C oven until pressure inside reached about five inches of 
mercury below atmosphere.  Conducting a free radical polymerization in an inert 
atmosphere is highly recommended.  If polymerization is conducted in the presence of 
oxygen, retardation and/or inhibition of polymerization results.  At this stage of the 
procedure, polymerization of the ionic liquid solution, which contains dissolved AMPS 
and MBA monomers with PPS initiator, occurs.  After a minimum of six hours in the 
65°C oven, blanketed by a nitrogen atmosphere, the polymerization containers were 
removed and transferred to a room temperature dessicator to minimize the absorption of 
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water vapor.  Figure 2.3 shows a general flow chart for the procedure for synthesizing 
ILG. 
 For an example of an ILG formula weight calculation detailing the amount of 
each component present, refer to Appendix A. 
 
 
Dissolution Process @ T = 130°C & Vacuum
Ionic Liquid Gel+AMPS + [EMIM][EtSO4] + MBA PPS
Primary
Secondary
Curing @ T = 65°C & N2
Minimum 6 hours
 
 
Figure 2.3. General flow chart for the procedure for synthesizing ILG. 
 
 
 
2.3.2   Ballistic Gelatin Synthesis Procedure 
 
 
 BG was synthesized using 80 wt% distilled water and 20 wt% gelatin powder.  
After the water was heated to 40°C, the gelatin powder and water were added to an 
industrial blender and vigorously mixed for approximately 30 seconds.  In-house silicon 
molds were filled with the warm gelatin solution and placed in a refrigerator at 4°C.  The 
BG was kept overnight in the refrigerator for solidification with minimization of water 
evaporation at sub ambient conditions [9]. 
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2.4   Results and Discussion 
 
 
 The following results are for ILG samples synthesized that utilized the exact 
formulation and similar quantities outlined in Appendix A.  For results of ILG of 
different formulations within the monomer solubility window in [EMIM][EtSO4], see 
chapter 4. 
Upon completion of numerous identical synthetic experiments, a multitude of ILG 
was available for observation.  The only differences between the experiments were the 
duration in the 65°C oven under a nitrogen atmosphere and slight variations in amount.  
The duration of polymerization for each experiment had a minimum of six hours but 
limited to a maximum of 18 hours.  The slight variation in size did not necessitate 
repeated dissolution steps as recommended in the procedure.  Figure 2.4 thru Figure 2.6 
illustrate examples of ILG that were produced. 
 
 
Figure 2.4. Cylindrical examples of ionic liquid gels with a diameter of about 6 mm. 
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Figure 2.5. Slab example of an ionic liquid gel with a length of about 20 mm. 
 
 
 
 
 
Figure 2.6. Cylindrical examples of ionic liquid gels with a diameter of about 6 mm. 
 
 
 
 The physical appearance of the ILG specimens is light yellow in color, 
transparent, and shiny.  The ILG are sticky to the touch.  In addition, the ILG are easily 
compressed upon squeezing between thumb and index fingers.  A sharp, acidic odor that 
is attributed to the sulfonic acid part of AMPS and the sulfate part of [EMIM][EtSO4] 
reacting quickly with water vapor present in the atmosphere emanated from the 
specimens. 
 The formation of oligomers, which could occur upon extensive heating of vinyl 
bonds in solution prior to polymerization, is assumed negligible.  Polymerization is 
dependent upon the formation of an active species that can propagate through the 
monomer repeat unit.  Such an occurrence is dependent on monomer(s)-solvent 
interactions, and the presence of initiating species.  Auto-polymerization is a rare 
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occurrence that is specific to certain monomers.  For example, styrene provides one of the 
few classic examples where autopolymerization occurs through a Diels-Alder reaction 
[34-35].  Such a phenomenon is directly dependent upon the monomer species.  Acrylates 
and acrylamides are not known to undergo autopolymerizations under the reaction 
conditions utilized in this study [36].  The strong dipole moment present in 
[EMIM][EtSO4], the nonexistence of all initiating species, including oxygen, and 
stability of the monomers utilized results in a low probability of transformation of 
monomer vinyl bonds into oligomer-sized or polymer-sized molecules during the 
elevated temperature dissolution stage of the synthesis. 
 Physical observations of the ILG demonstrate that the procedure outlined in 
section 2.3.1 is robust and reproducible.  However, quantitative measurements that 
describe the conversion of monomers to a cross-linked polymer on the molecular level 
are essential.  These quantitative measurements are fulfilled through a cure kinetics study 
using Fourier transform infrared spectroscopy in both transmission and attenuated total 
reflectance modes.  Furthermore, AMPS and MBA monomer solubility window in 
[EMIM][EtSO4] on a ternary plot is essential; see chapter 4.  Exploring this solubility 
window will provide insight into the physical property ranges of these gels and the ability 
to tailor the formulations to achieve a set of desired characteristics. 
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Chapter 3: FTIR Spectroscopy Cure Kinetics Study 
 
 
 In polymer chemistry, as close to 100 percent conversion of monomer(s) to 
polymer is desired.  By ensuring total conversion, polymer synthesis becomes robust and 
reproducible.  This eliminates batch-to-batch variations allowing for the extension of 
trustworthy synthesis procedures to different formulations and provides greater control 
over physical properties by tailoring chemical formulations. 
This chapter is dedicated to the understanding of polymerization cure kinetics of 
room-temperature ionic liquid gels (ILG).  This understanding is achieved through 
Fourier transform infrared (FTIR) spectroscopy studies both in transmission and 
attenuated total reflectance (ATR) modes. The chapter is divided into five main sections.  
The first section provides a description of FTIR spectroscopy related to the study of 
polymer reaction kinetics.  This section also provides pertinent information related to 
reading and understanding the obtained spectra. 
 The second section describes the materials utilized in conducting the studies, in 
particular additional chemicals necessary in transmission mode and in reaction 
temperature control.  The third section illustrates the equipment and equipment setups 
employed. 
 The fourth section outlines the procedures for conducting FTIR spectroscopy 
studies.  The final section of the chapter contains results and a discussion of the 
experiments conducted which aids in understanding polymer cure kinetics of ILG. 
 
21 
 
3.1   Background 
 
 
 FTIR spectroscopy is a spectroscopy technique that measures the frequencies of 
infrared light absorbed by a sample whereby the infrared light is guided through an 
interferometer, passes through the sample, and then collected by a detector.  The 
measured infrared light signal, which is called an interferogram pattern, is in the time 
domain.  By performing a mathematical Fourier transform, the interferogram pattern is 
converted from the time domain to the frequency domain spectrum that allows the 
experimenter to see the strength of the infrared light absorption as a function of the 
frequency or wavelength of light. 
 The various chemical bonds of functional groups that construct an organic 
molecule have distinct vibrational modes.  Each vibrational mode absorbs energy at a 
characteristic frequency or wavelength.  Infrared light has enough energy to vibrate the 
chemical bonds of an organic molecule but not enough energy to cause the bonds to 
break.  Moreover, the change in absorbance of infrared light can be related to the 
concentration of the associated functional groups of the molecule according to Beer’s 
law. 
FTIR spectroscopy, both in transmission and ATR modes, has been used 
extensively in polymer research to quantitatively analyze polymer phenomena such as 
cure kinetics and diffusion [37-45].  At defined and controlled reaction temperatures, cure 
kinetics of polymers can be monitored in real-time through a technique whereby spectra 
are collected at specified time intervals.  By having an understanding of which 
absorbance peaks are related to reactive species or functional groups in the sample, the 
cure kinetics can be monitored.  The FTIR detector response is generally linear for 
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absorbance values less than 2.0; therefore, a direct relationship between concentration 
and measured absorbance exists according to Beer’s law [38].  Equation 3.1 shows Beer’s 
law where A is the absorbance, ε is the absorption coefficient, l is the path length, and c is 
the concentration of absorbing species. 
lcA ε=           (3.1) 
Thus, the absorbance, or concentration, of the reacting groups should decrease with 
curing time compared to non-reacting groups.  If the absorption peak vanishes from the 
spectra indicating that the concentration of reacting species has diminished, complete 
conversion of the reacting species to product is assumed.  This is assumed rather than 
taken as concrete evidence since FTIR techniques are generally valid to a few percent.  
Thus, not seeing a peak does not necessarily mean the complete disappearance of a group 
but a small enough concentration could exist that is incapable of being detected. 
For this study, the mid-infrared region of the infrared spectrum is utilized.  This 
region, which is approximately 400-4000 cm
-1
, is generally employed to study the 
fundamental vibrations and associated rotational-vibrational structures of molecules. 
For the AMPS-MBA polymer system, the depletion of monomeric carbon-carbon 
double bonds to carbon-carbon single bonds of a cross-linked polymer network 
encapsulated in [EMIM][EtSO4] indicates polymerization or cure.  Therefore, by 
monitoring spectral peaks that are associated with carbon-carbon double bonds of an 
acrylamide with respect to a non-reacting peak such as the secondary amine peak of the 
acrylamides can provide a means to quantitatively analyze the polymerization of an 
AMPS-MBA cross-linked polymer system.  The absorbance at 1630 cm
-1
 corresponds to 
wagging of the carbon-hydrogen bonds in the terminal vinyl groups of the AMPS and 
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MBA monomers, while the broad peak at 3300 cm
-1
 corresponds to the stretching of the 
secondary amine of the acrylamide functional groups of both AMPS and MBA [46].  
Since the terminal vinyl groups of AMPS and MBA are both adjacent to acrylamide 
functional groups, the overlapping of the peak region corresponding to the vinyl groups is 
assumed to occur.  However, the behavior of the peak at 1628 cm
-1
, not the entire peak 
region area, is analyzed throughout this study with the assumption that AMPS and MBA 
vinyl groups exhibit equal reactivity.  The broad secondary amine spectral peak is used as 
the non-reacting peak, or internal standard, of the system whereby the absorbance of this 
functional group fluctuates minimally with cure time.  Figure 3.1 shows a general sample 
of an unreacted ionic liquid gel spectrum. 
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Figure 3.1. A representative unreacted ionic liquid gel spectrum before 
curing that illustrates the secondary amine peak and vinyl peak region. 
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Referring to Ziaee and Palmese, equation 3.2 was developed to calculate the 
normalized fractional conversion of AMPS and MBA double bonds to polymer single 
bonds from the FTIR absorption data [43].  In equation 3.2, αC=C is the fractional 
conversion of carbon-carbon double bonds, ABS(t=0)1630cm-1, ABS(t)1630cm-1, 
ABS(t=0)3300cm-1, and ABS(t)3300cm-1 are the absorbance peak heights initially and at any 
time of spectral peaks that correspond to wavenumbers 1630 cm
-1
 and 3300 cm
-1
, 
respectively. 







 =








=
−=
−
−
−
−
=
1
1
1
1
3300
3300
1630
1630
)(
)0(
)0(
)(
1
cm
cm
cm
cm
CC
tABS
tABS
tABS
tABS
α   (3.2) 
 
 In order to generate quantitative kinetic information for the curing of the ILG, a 
model is desired.  Equation 3.3 is an empirical model developed by Kamal et al. to 
characterize the isothermal cure behavior of thermosetting resins that exhibit 
autocatalytic behavior where αt is the fractional conversion at time t, k1 and k2 are the 
reaction rate constants, and m is the reaction order [43, 47]. 
( )( ) mtmtt kk
dt
d −−+= 221 1 αα
α
        (3.3) 
 
 Equation 3.4 is a modified version of Kamal’s empirical model by Lam et al. [43, 
48].  Equation 3.4 neglects k1 and accounts for the final fractional conversion αu.  
Equation 3.5 is the integrated form of equation 3.4.  Equation 3.5 is utilized considerably 
throughout this FTIR spectroscopy study [43, 48]. 
( ) mtumtt k
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 Equation 3.5 is particularly well suited for analysis of concentration versus time 
data obtained from FTIR spectroscopy [37].  According to the results illustrated and 
discussed later in this chapter, the empirical model by Kamal et al. that has been modified 
by Lam et al. correlates well with the FTIR absorption data collected. 
 
 
3.2   Materials 
 
 
 Section 2.2 described the four chemical ingredients used in synthesizing ILG.  
AMPS, MBA, and [EMIM][EtSO4] were further characterized individually as well as 
collectively in a cure kinetics study, which is described in this chapter.  This 
characterization focuses on the molecular structure of each component, particularly 
different types of covalent bonds present in each material.  Additional materials utilized 
in FTIR spectroscopy analysis were potassium bromide, distilled water, and zinc selenide 
crystals. 
 Potassium bromide (KBr, Sigma Aldrich ≥ 99.0 percent purity) was employed in 
a transmission mode FTIR spectroscopy technique as salt pellets with a diameter of 13.05 
mm and a thickness of about 0.85 mm.  The salt pellets provided a foundation, or holder, 
for the solid organic molecules being analyzed.  The salt pellets were made using a mold 
and mechanical press.  Infrared light does not contain enough energy to vibrate ionic 
bonds; therefore, infrared light passes through KBr without alteration. KBr was used as 
received and stored in a dessicator to prevent absorption of atmospheric water vapor.  
This is important because water absorbs infrared radiation strongly and can alter results. 
 Reaction temperature control is essential in studying the cure kinetics of ILG 
polymerizations.  Distilled water was circulated through an attenuated total reflectance 
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(ATR) top-plate heating block and a temperature controlled bath as a means to ensure 
constant curing temperature.  Distilled or purified water is recommended to eliminate 
potential fouling of equipment. 
 Trapezoidal zinc selenide 45° (ZnSe) crystals with 77mm (longer length) x 63mm 
(shorter length) x 10mm x 6mm dimensions were mounted in an ATR thermostabilized 
top-plate during ATR-FTIR spectroscopy experiments.  The ZnSe crystals were 
purchased from Specac
TM
. 
 
 
3.3   Apparatuses 
 
 
3.3.1   Transmission Mode FTIR Spectroscopy 
 
 
 A Nicolet Magna-IR 560 FTIR spectrometer in transmission mode with a salt 
pellet holder that holds the pellets in line with the infrared beam was used to obtain 
spectral information of unreacted mono-functional monomer, AMPS, and unreacted bi-
functional monomer or cross-linking agent, MBA. 
 Pressurized dry air or nitrogen gas was purged continuously throughout the whole 
FTIR spectrometer.  Besides the sample salt pellet that is positioned in the transmission 
mode holder, there are numerous stationary and mobile salt plates within the 
spectrometer.  Just as the sample salt pellet, these salt plates require a water vapor-free 
atmosphere to ensure a long life span and accurate results.  Thus, a dry air or nitrogen gas 
purge is critical to the system. 
 The FTIR spectrometer in transmission mode obtains spectral information by the 
generation of an infrared (IR) beam.  After being redirected by a series of critically 
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positioned mirrors, the IR beam passes through the sample salt pellet.  While passing 
through the sample salt pellet, some of the IR radiation is absorbed by the sample.  The 
altered IR radiation is then redirected by a series of mirrors to a detector.  The detector 
collects and analyzes the beam and sends information to a computer where a software 
program interprets the data, generates spectra, and aids the scientist in spectral analysis. 
The software program used extensively throughout this study was Omnic E.S.P. 
5.2a (Omnic). 
 
3.3.2   Attenuated Total Reflectance Mode FTIR Spectroscopy 
 
 
 A Nicolet Magna-IR 560 FTIR spectrometer in ATR mode was used to obtain 
real-time cure kinetics information of the polymerization of ILG.  ATR-FTIR 
spectroscopy was also employed to obtain spectral information of [EMIM][EtSO4] and 
already cured ILG.  A temperature control bath was employed to circulate isothermal 
distilled water via tygon tubing from the bath to a heating block, which is part of the ATR 
thermostabilized top-plate. 
 Figure 3.2 provides a close view of the ATR thermostabilized top-plate. Not seen 
in Figure 3.2 is the ZnSe crystal.  The ZnSe crystal was fitted into the top-plate with a 
one-millimeter thick rubber spacer mounted on top, between the crystal and heating 
block.  This rubber spacer creates a cavity in which sample is introduced via existing 
injections ports. 
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Figure 3.2. Gateway ATR 550µl thermostabilized top-plate 
fitted with a ZnSe (45°) crystal. 
 
 
 
 Figure 3.3 shows another ATR top-plate.  This top-plate also has a ZnSe (45°) 
crystal embedded inside that sits on top of the mirror device just as the top-plate in Figure 
3.2, but is not thermally stabilized.  The top-plate was used to obtain spectral information 
of [EMIM][EtSO4] and already cured ILG.  The samples were positioned on top of the 
crystal. 
 
 
 
Figure 3.3. Gateway ATR flat top-plate assembly with ZnSe (45°) crystal. 
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 The method of obtaining spectral information in ATR mode is essentially the 
same as in transmission mode with one exception.  After critically positioned mirrors 
inside the spectrometer have redirected the IR beam, additional mirrors, located in the 
mirror device, further direct the beam to one of the 45° surfaces of the ZnSe crystal.  The 
beam travels within the crystal and produces evanescent waves that penetrate roughly one 
to four microns into the sample at the reflection points in a repeating fashion, and then 
exits the crystal via the other 45° surface.  From the crystal, the IR beam is directed by 
subsequent mirrors in the mirror device to mirrors in the spectrometer.  The mirrors in the 
spectrometer redirect the beam to the detector.  The detector records the attenuated 
infrared beam as an interferogram signal.  This signal is then used to generate spectrum. 
With the Omnic software, real-time cure kinetics studies, [EMIM][EtSO4], and 
already cured ILG spectral information were achieved. 
 
 
3.4   Procedures 
 
 
3.4.1   Transmission Mode Procedure 
 
 
To facilitate transmission mode FTIR spectroscopy experiments on unreacted and 
undissolved AMPS, KBr salt pellets with trace amounts of powdered AMPS were 
generated.  In order to generate the pellets, a small mortar and pestle were utilized.  KBr 
salt and a trace amount of AMPS were added to a mortar.  The mixture was thoroughly 
pulverized with a pestle into a fine, homogeneous, white, solid substance.  The mixture 
was then transferred into the press mold and positioned in the mechanical press device 
where the mixture was compressed between two clamps into a salt pellet by applying 
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approximately 20 pounds of force for about five minutes.  The salt pellet was then 
positioned in the transmission mode salt pellet holder. 
 Before fixing the pellet holder into the FTIR spectrometer, a background 
spectrum was obtained.  The purpose of the background spectrum is to ratio the response 
of the spectrometer with a sample present against a response of the spectrometer without 
a sample present.  This division eliminates instrumentation and atmospheric effects in 
order to obtain peaks that are solely due to the sample.  Upon completion of background 
spectrum, the sample pellet holder was mounted into the FTIR spectrometer.  Next, the 
experiment was setup and executed using Omnic with the following information: 32 
scans per spectrum with a resolution of 4 cm
-1
, background collected before every sample 
spectrum, final spectrum formatted with absorbance on the y-axis, and the spectral range 
between 400 and 4000 cm
-1
. This procedure was repeated two more times and the 
average spectrum was analyzed. 
 Data for MBA-KBr salt pellets was obtained in the same manner. 
 
3.4.2   Attenuated Total Reflectance Mode Procedures 
 
 
The following subsections describe the procedure utilized in order to conduct 
ATR-FTIR spectroscopy experiments for [EMIM][EtSO4], unreacted ILG solutions, 
already cured ILG, and cure kinetics information. 
 
3.4.2.1   ZnSe Flat Top-plate for Single Spectral Analysis 
 
 
A mirror device with a mounted ZnSe flat top-plate was used to facilitate ATR-
FTIR spectroscopy experiments on [EMIM][EtSO4], unreacted ILG solutions, and 
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already cured ILG.  After installation and sufficient elapsed time to achieve a purged, dry 
atmosphere inside the enclosure, a background spectrum was collected.  Next, the 
[EMIM][EtSO4] liquid sample was deposited onto the top of the crystal.  The experiment 
was setup and executed using the following information: 32 scans per spectrum with a 
resolution of 4 cm
-1
, background collected before every sample spectrum, final spectrum 
formatted with absorbance on the y-axis, and the spectral range between 400 and 4000 
cm
-1
.  After obtaining the spectrum, the crystal was thoroughly cleaned with acetone and 
allowed to dry.  The procedure was repeated two more times and the average spectrum 
was analyzed. 
 This procedure was repeated for unreacted ILG solutions and already cured ILG. 
 
3.4.2.2   ZnSe Thermostabilized Top-plate for Cure Kinetics Studies 
 
 
 To facilitate ATR-FTIR cure kinetics spectroscopy experiments on the 
polymerization of ILG, a mirror device with a mounted ZnSe thermostabilized top-plate 
was installed in the enclosure of the spectrometer.  After installation, tygon tubing was 
connected to the inlet and outlet ports of the heating block.  The temperature-controlled 
bath was filled with fresh distilled water as the heating medium, bath temperature was set 
to 65°C, and the bath pump was turned on allowing the heating medium to continuously 
circulate between the bath and the heating block.  Sufficient time elapsed to ensure that 
the mirror device and top-plate were thoroughly purged of atmospheric water vapor and 
that the temperature of the top-plate reached a steady state value as close to 65°C as 
possible.  The experiment was setup with the following information: 32 scans per 
spectrum with a resolution of 4 cm
-1
, total collection time of 1200 minutes (20 hours) 
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with start of collection at external trigger, spectrum taken about every minute, 64 scans 
per background spectrum, final spectrum formatted with absorbance on the y-axis, and 
the spectral range between 400 and 4000 cm
-1
. 
Once the background spectrum and basis vectors were collected, a notification 
from the Omnic software indicated that the instrument was ready to start collecting the 
series.  At this point, a sample of unreacted ILG solution was inserted into the top-plate 
via sample cavity injection ports.  Enough solution was injected into one of the injection 
ports until sample started seeping out the other port.  Solution seepage out of the other 
port indicates that the cavity above the crystal is completely covered with solution and is 
sealed in an inert atmosphere.  This step was completed using a glass pipette with a latex 
siphon bulb.  Collection of series spectra was triggered immediately after solution 
insertion into the top-plate. 
At the conclusion of the experiment, the temperature-controlled bath was turned 
off, tygon tubing was disconnected from the heating block, and the thermostabilized top-
plate was disassembled with all parts, including the crystal, thoroughly cleaned using 
distilled water and acetone. 
The procedure was repeated two more times and the series spectra were analyzed 
and averaged. 
 
 
3.5   Results and Discussion 
 
 
 The following results are for the ILG formula outlined in Appendix A and 
synthesized in chapter 2.  In particular, the initiator concentration is one mole of PPS per 
35 moles of carbon-carbon double bonds.  An exception to the outlined formula in 
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Appendix A is an initiator concentration of one mole of PPS per 100 moles of carbon-
carbon double bonds used for additional cure kinetics analysis that is discussed in section 
3.5.3. 
 
3.5.1   Unreacted AMPS and MBA Spectra 
 
 
 Figure 3.4 shows the average spectrum of AMPS monomer acquired through 
transmission FTIR spectroscopy utilizing a KBr salt pellet.  Three notable peaks are also 
identified in Figure 3.4.  The carbon-carbon double bond peak at approximately 1630 cm
-
1
 represents the wagging of the terminal vinyl bond.  The carbonyl peak at approximately 
1650 cm
-1
 represents the wagging of the carbonyl part of the amide functional group.  
The amine peak at approximately 3300 cm
-1
 represents the stretching of the secondary 
amine bond that is also part of the amide functional group. 
A full mid-IR spectrum of AMPS, ranging from 400 to 4000 cm
-1
 is given in 
Figure B.1 of Appendix B. 
Since the chemical structures of both AMPS and MBA contain terminal vinyl and 
amide functional groups, the spectra of each monomer was anticipated to have similar 
peaks.  Figure 3.5 shows the average spectrum of MBA monomer acquired through 
transmission FTIR spectroscopy utilizing a KBr salt pellet.  The three notable peaks 
present for AMPS are also present in MBA and identified in Figure 3.5.  The carbon-
carbon double bond peak at approximately 1630 cm
-1
 represents the wagging of the 
terminal vinyl bonds.  The carbonyl peak at approximately 1650 cm
-1
 represents the 
wagging of the carbonyl part of the amide functional group.  The amine peak at 
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approximately 3300 cm
-1
 represents stretching of the secondary amine bond that is also 
part of the amide functional group. 
A full mid-IR spectrum of MBA, ranging from 400 to 4000 cm
-1
 is given in 
Figure B.2 of Appendix B. 
Since both AMPS and MBA have similar spectra, and upon dissolution of the 
monomers into [EMIM][EtSO4], overlapping of characteristic peaks is anticipated.  
Secondary amine and vinyl peaks will be of particular importance in the analysis of the 
cure kinetics of ILG.  In the cure kinetics analysis, the secondary amine peak is expected 
to remain constant while the vinyl peak should decrease as reaction proceeds. 
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Figure 3.4. Mid-IR spectrum of AMPS monomer obtained via 
transmission FTIR spectroscopy. 
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Figure 3.5. Mid-IR spectrum of MBA monomer obtained via transmission 
FTIR spectroscopy. 
 
 
 
3.5.2   [EMIM][EtSO4], Unreacted ILG Solution, Cure ILG Spectra 
 
 
Figure 3.6 shows the average spectrum of [EMIM][EtSO4] solvent acquired 
through ATR-FTIR spectroscopy utilizing a ZnSe crystal.  Unlike the spectra of AMPS 
and MBA, illustrated in Figure 3.4 and Figure 3.5, respectively, [EMIM][EtSO4] lacks a 
secondary amine peak at 3300 cm
-1
, a carbonyl peak at 1650 cm
-1
, and a vinyl peak at 
1630 cm
-1
.  However, a noticeably strong methylene peak is present at approximately 
1450 cm
-1
.  Even though [EMIM][EtSO4] contains nitrogen, the nitrogen is incorporated 
into imidazolium ring, which is aromatic in nature.  Moreover, a tertiary and a positively 
charged quaternary amine exist in the imidazolium ring with the lack of a secondary 
amine.  [EMIM][EtSO4] also contains carbon-carbon double bonds; however, like some 
of the nitrogen, the carbon-carbon double bonds exist in the imidazolium aromatic ring 
C=O @ 1650 cm
-1
 N-H @ 3300 cm
-1
 
C=C @ 1630 cm
-1
 
36 
 
structure.  Furthermore, there are oxygen present in [EMIM][EtSO4]; however, two 
oxygen atoms are covalently π-σ bonded to a sulfur molecule, one oxygen atom is π-σ 
bonded to a sulfur molecule and ionicly bonded to the positively charged quarternary 
amine of the imidazolium ring, and the fourth oxygen atom is covalently σ-bonded to the 
sulfur and a methylene carbon.  No oxygen atoms are covalently π-σ bonded to a carbon.  
Thus, a carbonyl peak is not observed.  During the cure kinetics analysis, the methylene 
peak is predicted to increase as monomeric carbon-carbon double bonds are converted to 
carbon-carbon single bonds of a cross-linked polymer network. 
A full mid-IR spectrum of [EMIM][EtSO4], ranging from 400 to 4000 cm
-1
 is 
given in Figure B.3 of Appendix B. 
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Figure 3.6. Mid-IR spectrum of [EMIM][EtSO4] obtained via ATR-FTIR 
spectroscopy. 
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 Figure 3.7 shows the average spectrum of unreacted ILG solutions acquired by 
ATR-FTIR spectroscopy utilizing a ZnSe crystal.  The spectrum contains an 
amalgamation of characterization peaks of all three components.  Present in the spectrum 
are: an overlapped secondary amine peak at approximately 3300 cm
-1
, a carbonyl peak at 
approximately 1650 cm
-1
, two overlapping vinyl peaks at approximately 1630 cm
-1
, and a 
noticeably strong methylene peak at approximately 1450 cm
-1
. 
The secondary amine, carbonyl, and vinyl peaks all indicate the existence of 
monomeric AMPS and MBA in solution.  In addition, two overlapping vinyl peaks 
represent the existence of vinyl bonds in the solution and indicate that the vinyl 
components of AMPS and MBA are slightly different from each other. This difference is 
a result of distinctive functional groups attached to the vinyl and amide bonds. Spectral 
peaks have tendencies to shift depending on the adjacent functional groups contained 
within the molecule.  However, the behavior of the peak at 1628 cm
-1
, not the entire peak 
region area, is analyzed throughout this study with the assumption that AMPS and MBA 
vinyl groups exhibit equal reactivity.  Further analysis into the relative reactivity of the 
AMPS and MBA double bonds through the deconvolution of the peaks is recommended.  
Moreover, the vinyl peaks indicate that minimal reactions occurred with respect to the 
vinyl bonds during the dissolution step of the synthesis procedure even though both 
monomers were elevated to a higher than ambient temperature.  This occurrence can be 
attributed to the presence of [EMIM][EtSO4] that caused a stable, non-reactive 
environment without a catalyst or initiator in the vicinity [34-36]. 
 The strong methylene peak as well as the peaks in the range of 3250 to 2750 cm
-1
 
indicate the existence of [EMIM][EtSO4].  In comparing Figure 3.6 and Figure 3.7, there 
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exists a similar peaks in the range of 3250 to 2750 cm
-1
.  These peaks are attributed to the 
imidazolium component of [EMIM][EtSO4] as a result of the aromatic and amine nature 
of the imidazolium ring.  This series of peaks is dubbed as the [EMIM][EtSO4] backbone. 
A full mid-IR spectrum of unreacted ILG solutions, ranging from 400 to 4000  
cm
-1
 is given in Figure B.4 of Appendix B. 
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Figure 3.7. Mid-IR spectrum of unreacted ionic liquid gel solution obtained via 
ATR-FTIR spectroscopy. 
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Figure 3.8 shows the average spectrum of reacted ILG acquired by ATR-FTIR 
spectroscopy utilizing a ZnSe crystal.  Like the spectrum of unreacted ILG solutions, the 
spectrum contains an amalgamation of peaks of all three components.  Present in the 
spectrum are: an overlapped secondary amine peak at approximately 3300 cm
-1
, a 
carbonyl peak at approximately 1650 cm
-1
, and a noticeably strong methylene peak at 
approximately 1450 cm
-1
.  In addition, present in the spectrum is the [EMIM][EtSO4] 
backbone.  The distortion of the secondary amine peak and the [EMIM][EtSO4] backbone 
is attributed to the existence of atmospheric water vapor absorbed by the ILG. 
Not present in the spectrum are the two overlapping vinyl peaks at approximately 
1630 cm
-1
.  The disappearance of these peaks indicate that a free radical 
copolymerization occurred to form a cross-linked polymer network encapsulated in 
[EMIM][EtSO4].  During polymerization, monomeric carbon-carbon double bonds are 
converted to polymer single bonds.  This causes the concentration of methylene groups to 
increases.  Methylene peak enhancement is not clear in Figure 3.8.  However, a 
quantitative analysis of the polymerization reaction is conducted in section 3.5.3 and 
provides information regarding the methylene peak. 
A full mid-IR spectrum of cured ILG ranging from 400 to 4000 cm
-1
 is given in 
Figure B.5 of Appendix B. 
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Figure 3.8. Mid-IR spectrum of cured ionic liquid gel obtained via 
ATR-FTIR spectroscopy. 
 
 
 
3.5.3   Cure Kinetics Spectral Analysis 
 
 
 Figure 3.9 depicts a representative series of spectra obtained via ATR-FTIR 
spectroscopy utilizing a thermostabilized ZnSe top-plate maintained at 65°C for 1200 
minutes.  During these experiments, the full mid-IR spectral range was obtained; 
however, the overlapping vinyl peak region is of particular interest, namely the peak at 
1628 cm
-1
.  As seen qualitatively in Figure 3.9, the peak height decreases as time 
increases.  At 300 minutes, the peak height vanishes and the spectral curve goes directly 
from the carbonyl peak at 1650 cm
-1
 to the next adjacent peak.  This decrease and 
eventual disappearance of the vinyl peak range provides a qualitative assessment that 
both AMPS and MBA monomers, initiated by the thermal decomposition of PPS, 
C=O @ 1650 cm
-1
 
N-H @ 3300 cm
-1
 
C-H @ 1450 cm
-1
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converted to a cross-linked polymer network encapsulated in [EMIM][EtSO4] to produce 
an ILG.  Moreover, the conversion of monomers to polymer occurs in about 300 minutes 
or five to six hours at 65°C in an inert atmosphere. 
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Figure 3.9. Graph of the average series spectra obtained via ATR-FTIR spectroscopy 
where (-), (-), (-), and (-) represent spectra at 1.00, 50, 150, and 300 minutes, 
respectively. 
 
 
 
For a quantitative assessment of the conversion of AMPS and MBA monomers to 
a polymer network, an Omnic peak height analysis technique coupled with the fractional 
conversion equation, equation 3.2, was utilized.  Table 3.1 shows the results from this 
assessment for Run 1 of the cure kinetics study.  As can be seen in Figure 3.9, the vinyl 
peak height of 1628 cm
-1
 decreases, methylene peak height increases, and the secondary 
amine peak height remains relatively constant as time increases.  The vinyl peak 
C=C @ 1628 cm
-1
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disappears at approximately 250-300 minutes.  The methylene peak height increases 
rapidly in the first 300 minutes and then gradually increases afterwards.  The rapid height 
increase is attributed to and correlates with the continuous conversion of carbon-carbon 
double bonds to single bonds during polymerization within the first 300 minutes.  The 
gradual increase, thereafter, is attributed to [EMIM][EtSO4] movement throughout the 
ILG and the interaction between the [EMIM][EtSO4] and the crystal surface. 
Based on the mechanism of free radical polymerizations, the only part(s) of the 
monomers that react are the carbon-carbon double bonds with the assumption that 
Michael’s addition between the secondary amine and vinyl bonds does not occur; see 
Figure 2.2 for the chemical structures of AMPS and MBA.  Therefore, absorbance related 
to other parts of the monomer molecules should not vary during polymerization.  For 
AMPS and MBA, the secondary amine peak height remained relatively unchanged 
throughout the polymerization.  Thus, the secondary amine peak was used as the internal 
standard to calculate the fractional conversion of carbon-carbon double bonds to polymer 
single bonds. 
As can be seen in Table 3.1, α, or the fractional conversion of carbon-carbon 
double bonds, increased as time increased and reached a maximum value of 1.00 in about 
250-300 minutes.  From equation 3.5, the reaction rate constant and order of reaction are 
calculated to be 0.074 min
-1
 and 0.421, respectively.  The average error between the 
experimental and empirical fraction conversions is calculated to be 6.06E-05. 
Tabulated results of Runs 2 and 3, are given in Table B.1 and Table B.2, 
respectively, of Appendix B. 
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Table 3.2 shows the fractional conversion results from all three cure kinetics 
experiments.  Table 3.2 also shows the average fractional conversion along with the 
standard deviation for each time.  From this information and applying the empirical 
model, the average reaction rate constant and order of reaction are calculated to be 0.069 
min
-1
 and 0.413.  These values are on the same order of magnitude of reported literature 
values for free radical polymerization kinetics [38].  The average error between the 
experimental and empirical fraction conversions is calculated to be 1.54E-03. 
Figure 3.10 is a graph of the average fractional conversion (α) of carbon-carbon 
double bonds versus time with the solid line representing the empirical model.  Figure 
3.10 is a graphical representation of the data tabulated in Table 3.2.  As can be seen, the 
empirical model fits very well with the experimental data.  There exists an initial rapid 
increase of α up to 0.9 in about 100 minutes and then a gradual increase of α up to 1.0 in 
about 200 additional minutes.  Similar curves have been reported in the literature that 
represents cure kinetics of free radical copolymerizations [38]. 
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Table 3.1. Run 1 quantitative assessment of the fractional conversion of monomer C=C 
bonds to polymer C-C bonds based on FTIR spectral relative peak heights. 
 
Time (min) C=C (cm
-1
) C=C Height N-H (cm
-1
) Height N-H C-H (cm
-1
) Height C-H α α model α-αmodel
0 1628 0.077 3298 0.039 1452 0.157 0.000 0.000 0.000
25 1628 0.026 3298 0.028 1452 0.171 0.530 0.531 -0.002
50 1628 0.012 3298 0.028 1452 0.179 0.783 0.790 -0.007
100 1628 0.006 3298 0.032 1452 0.190 0.905 0.926 -0.021
150 1628 0.004 3298 0.035 1452 0.193 0.942 0.962 -0.020
200 1628 0.002 3298 0.036 1452 0.197 0.972 0.976 -0.004
250 1628 0.000 3298 0.038 1452 0.200 1.000 0.984 0.016
300 1628 0.000 3298 0.038 1452 0.201 1.000 0.988 0.012
400 1628 0.000 3298 0.038 1452 0.206 1.000 0.993 0.007
500 1628 0.000 3298 0.036 1452 0.208 1.000 0.995 0.005
600 1628 0.000 3298 0.037 1452 0.210 1.000 0.996 0.004
700 1628 0.000 3298 0.040 1452 0.213 1.000 0.997 0.003
800 1628 0.000 3298 0.038 1452 0.214 1.000 0.998 0.002
900 1628 0.000 3298 0.038 1452 0.215 1.000 0.998 0.002
1000 1628 0.000 3298 0.038 1452 0.216 1.000 0.998 0.002
1200 1628 0.000 3298 0.038 1452 0.218 1.000 0.999 0.001
3298 0.036 k = 0.074
0.000 0.004 m = 0.421
Error 6.06E-05
N-H Average:
N-H STDEV:
 
 
 
 
Table 2.2. Average quantitative assessment of the fractional conversion of monomer C=C 
bonds to polymer C-C bonds based on FTIR spectral relative peak heights. 
 
Time (min) Run 1: α Run 2: α Run 3: α Average α STDEV Avg. α model α-αmodel
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000
25 0.530 0.482 0.556 0.523 0.037 0.508 0.014
50 0.783 0.749 0.705 0.746 0.039 0.771 -0.025
100 0.905 0.893 0.872 0.890 0.017 0.916 -0.026
150 0.942 0.970 0.915 0.942 0.027 0.956 -0.014
200 0.972 1.000 0.957 0.976 0.022 0.973 0.004
250 1.000 1.000 0.972 0.991 0.016 0.981 0.009
300 1.000 1.000 1.000 1.000 0.000 0.986 0.014
400 1.000 1.000 1.000 1.000 0.000 0.991 0.009
500 1.000 1.000 1.000 1.000 0.000 0.994 0.006
600 1.000 1.000 1.000 1.000 0.000 0.996 0.004
700 1.000 1.000 1.000 1.000 0.000 0.997 0.003
800 1.000 1.000 1.000 1.000 0.000 0.997 0.003
900 1.000 1.000 1.000 1.000 0.000 0.998 0.002
1000 1.000 1.000 1.000 1.000 0.000 0.998 0.002
1200 1.000 1.000 1.000 1.000 0.000 0.999 0.001
k = 0.069
m = 0.413
Error 1.54E-03  
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Figure 7. Graph of the average fractional conversion of C=C vs. time in minutes with (●) 
representing experimental data and (▬) representing the empirical model. 
 
 
 
 The cure kinetics analysis is for an initiator concentration of one mole of PPS per 
35 moles of carbon-carbon double bonds.  At first glance, this initiator concentration 
seems excessive and has raised the following question: Can the initiator concentration 
decrease and still synthesize an ILG at 65°C in approximately six hours?  To briefly 
answer this question with minimal experiments, an initiator concentration of one mole of 
PPS per 100 moles of carbon-carbon double bonds was proposed and ATR-FTIR 
spectroscopy cure kinetics experiments were conducted. 
 Figure 3.11 depicts a representative series of spectra obtained via ATR-FTIR 
spectroscopy utilizing a thermostabilized ZnSe top-plate maintained at 65°C for 1,200 
minutes where the initiator concentration is one mole of PPS per 100 moles of carbon-
carbon double bonds.  During these experiments, the full mid-IR spectral range was 
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obtained; however, the overlapping vinyl peak region is of particular interest, namely the 
peak at 1628 cm
-1
.  As can be seen qualitatively in Figure 3.11, the peak height decreases 
as time increases.  However, the overlapping vinyl peak region still exists after 900 
minutes or 15 hours of curing.  Qualitatively, this indicates that a lower initiator 
concentration results in an incomplete polymerization of monomers to a cross-linked 
polymer encapsulated in [EMIM][EtSO4] to produce a fully cured, consistent ILG. 
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Figure 3.11. Graph of the average series spectra obtained via ATR-FTIR spectroscopy 
where (-), (-), (-), (-), and (-) represent spectra at 1.00, 50, 150, 300, and 900 minutes, 
respectively, for [I] = 1 mole PPS/100 moles C=C. 
 
 
 
 Figure 3.12 is a graph of the average fractional conversion (α) of carbon-carbon 
double bonds versus time with the solid line representing the empirical model.  Like 
Figure 3.11, this graph is for an initiator concentration of one mole of PPS per 100 moles 
C=C @ 1628 cm
-1
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of carbon-carbon double bonds.  As can be seen, the graph, along with Table B.3 thru 
Table B.6 in Appendix B, quantitatively confirms that an incomplete polymerization at 
65°C occurs when using a lower initiator concentration.  With the lower initiator 
concentration, about 90 percent of the carbon-carbon double bonds convert to polymer 
single bonds in 1,200 minutes.  Also shown in Figure 3.12 is a wider standard deviation 
compared to the results depicted in Figure 3.10. 
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Figure 8. Graph of the average fractional conversion of C=C vs. time in minutes with (●) 
representing experimental data and (▬) representing the empirical model for [I] = 1 mole 
PPS/100 moles C=C. 
 
 
 
 FTIR spectroscopy experiments conducted aided in both qualitatively and 
quantitatively assessing the reproducibility of the synthesis procedure outlined in chapter 
2.  In particular, practically 100 percent conversion of carbon-carbon double bonds to 
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single bonds of a cross-linked polymer encapsulated in [EMIM][EtSO4] to produce an 
ILG at 65°C in an inert atmosphere with a cure time of about six hours is confirmed. 
 The synthesis procedure in chapter 2 along with the cure kinetics data for an 
initiator concentration of one mole of PPS per 35 moles of carbon-carbon double bonds is 
the basis for producing additional ILG samples that contain different chemical 
formulations that span the solubility window of monomers in [EMIM][EtSO4] as 
discussed in chapter 4. 
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Chapter 4: Monomer Solubility Study with Statistical Design of Experiment 
 
 
 
 In chapters 2 and 3, one room-temperature ionic liquid gel (ILG) formulation was 
discussed.  However, an ILG formulation window that takes into account the solubility of 
the monomers in the room temperature ionic liquid (RTIL) is desired.  A ternary plot can 
be used to delineate the variety of possible compositions for which the synthesis 
procedure described in chapter 2 can be applied.  Such a processing window is 
investigated and characterized in this chapter, along with the implementation of a three-
component statistical design of an experiment intended to generate samples that fully 
represent this space.  The chapter is divided into four main sections.  The first section 
provides a synopsis of the recent history of RTIL solubility, specifically related to 
solubilization of monomers for potential in situ polymerizations.  This section also 
provides an illustration and explanation of the AMPS:MBA:[EMIM][EtSO4] ternary plot.  
Moreover, this section describes the usage of a computer software program to generate 
the design of experiment. 
 The second section describes the materials utilized in this study, in particular, the 
chemicals, equipment, and tools used.  The third section describes the procedure 
employed to investigate the solubility window on the ternary plot as well as outlines the 
essential steps employed to generate the design of experiment. 
 The final section contains the results and discussions of the solubility experiments 
and the design of experiment.  Moreover, this section provides the sample compositions 
necessary to understand the relationship between chemical formulations and physical 
property characteristics. 
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4.1   Background 
 
 
4.1.1   Recent RTIL Polymer Solvent History 
 
 
 RTIL have recently been researched as novel solvents for polymers and 
polymerizations.  In 2006, Winterton published a review article that was dedicated to the 
solubilization of polymers in ionic liquids [22].  In this article, Winterton tabulates the 
ability of a number RTIL that dissolve monomers and polymers.  Interestingly, Winterton 
mentions and describes RTIL that contain the cation of [EMIM][EtSO4] but not the 
anion. 
Numerous research groups have demonstrated the ability to synthesize polymers 
in RTIL utilizing traditional monomers such as styrene, methyl methacrylate, and n-butyl 
methacrylate.  The more intriguing in situ polymerizations are mentioned here.  In 2002, 
Hong et al. described the conventional free radical polymerization of styrene and methyl 
methacrylate in 1-butyl-3-methylimidazolium hexafluorophosphate [16].  In 2006, Li et 
al. polymerized methyl methacrylate in N-butyl-N(-methylimidazolium 
hexafluorophosphate) [18].  In 2003, Snedden et al. synthesized a series of polymer 
composites that were either dissolved in a RTIL or polymerized in situ [19].  The in situ 
living, atom-transfer or conventional free radical homopolymerizations of methyl 
methacrylate, styrene, acrylonitrile, and others were carried out in N,N’-
dialkylimidazolium salts of [PF6]
-
, [BF4]
-
, [N(SO2CF3)2]
-
, or [F(HF)n]
-
 [19].  In 2006, 
Strehmel et al. described the free radical polymerization of n-butyl methacrylate in an 
assortment of RTIL [20].  One of the RTIL employed in this study was [EMIM][EtSO4] 
whereby n-butyl methacrylate was polymerized, in situ, and tested.  Lastly, in 2005, 
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Susan et al. described ionic polymer gels of poly(methyl methacrylate) that were free 
radically polymerized in 1-ethyl-3-methyl imidazolium bis(trifluoromethane 
sulfonyl)imide to produce a series of polymer electrolytes [21]. 
Upon a thorough literature search related to the idea of polymerizing a cross-
linked polymer by conventional free radical initiation in an RTIL, there are a limited 
number of publications that describe, characterize, and employ [EMIM][EtSO4] and no 
publications dedicated to the specific polymerization and characterization of AMPS and 
MBA in [EMIM][EtSO4] to form an ILG. 
 
4.1.2   AMPS:MBA:[EMIM][EtSO4] Ternary Plot 
 
 
 Figure 4.1 illustrates the three main chemical components of an ILG on a ternary 
plot.  Throughout this study, the mole concentration of PPS with respect to the amount of 
monomeric carbon-carbon double bonds present in solution prior to polymerization is 
fixed. 
 As shown in Figure 4.1, each axis represents the mole fraction of a chemical 
component ranging from zero to one while neglecting the presence of PPS.  This is 
considered adequate because the concentration of PPS relative to the monomers and 
solvent is appreciably smaller.  Therefore, even though PPS plays a key role in the curing 
of ILG, the presence of PPS in solution prior to polymerization does not alter the main 
chemical mole fractions illustrated on a ternary plot significantly.  The addition of blue, 
red, and green lines aids in the interpretation of the ternary plot with respect to the mole 
fractions of AMPS, MBA, and [EMIM][EtSO4], respectively. 
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Figure 4.1. Ternary plot of AMPS:MBA:[EMIM][EtSO4] in mole fractions of each 
component with PPS considered a constant that is dependent upon AMPS and MBA. 
 
 
 
4.1.3   Minitab 15: A Statistical Software Program 
 
 
 Once the solubility window of AMPS and MBA in [EMIM][EtSO4] is determined 
and plotted on a ternary plot, a need to efficiently synthesize and test ILG formulations 
that are capable to representing the entire window is desired.  The utilization of a 
statistical software program that eliminates a shot-gun approach to synthesizing and 
testing can be used for this purpose.  Minitab 15, which is a user-friendly, widely-
employed, and broadly useful statistical software program, has been selected to create a 
three-component design of experiment (DOE) [49-50].  Built into Minitab 15 is a tool 
that provides the user the ability to create a mixture design of experiment.  After 
specification of the number of components in the system, the upper and lower limits of 
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the components, and additional explicit statistical parameters, a DOE that represents the 
range of the entire solubility window can be created. 
 
 
4.2   Materials 
 
 
 Section 2.2 described the four main chemical ingredients used in synthesizing 
ILG.  In this chapter, AMPS, MBA, and [EMIM][EtSO4] were used to determine the 
solubility window of AMPS and MBA in [EMIM][EtSO4].  PPS was not needed in this 
study.  Monomers and [EMIM][EtSO4] were used as received with AMPS pulverized 
into a fine granular substance prior to dissolution. 
 The solubility window of both AMPS and MBA in [EMIM][EtSO4] on a ternary 
plot was determined using a number of 20 mL scintillation glass vials, a vacuum oven at 
130°C, and another vacuum oven at 65°C or the curing temperature.  Of particular merit 
in thoroughly mixing the solutions, a metal spatula with the blade end bent to a 90° angle 
was utilized. 
 
 
4.3   Procedure 
 
 
4.3.1   Solubility Procedure 
 
 
 The following procedure employed the AMPS:MBA:[EMIM][EtSO4] ternary plot 
illustrated in Figure 4.1 whereby the solubility of AMPS in [EMIM][EtSO4] was first 
investigated by moving along the right most axis (blue).  Next, the solubility of MBA in 
[EMIM][EtSO4] was explored by moving along the left most axis (red).  Lastly, the 
solubility of the combination of AMPS and MBA in [EMIM][EtSO4] was investigated by 
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starting at the intersection point of AMPS in [EMIM][EtSO4] solubility line, a blue line, 
and the MBA in [EMIM][EtSO4] solubility line, a red line, and then moving toward 
increasing mole fraction of [EMIM][EtSO4]. 
As mentioned in chapter 2 and section 4.2, AMPS was pulverized into a fine, 
granular substance in a mortar and pestle prior to dissolution.  At 10 minute increments 
until complete dissolution of monomer, AMPS in [EMIM][EtSO4] and MBA in 
[EMIM][EtSO4] solutions were thoroughly mixed in glass vials and loaded into a vacuum 
oven at a temperature of 130°C and a vacuum close to 100 kPa.  These conditions aided 
in the elimination of residual water from the solution allowing direct interaction between 
monomer and solvent.  After complete dissolution, solutions were allowed to cool down 
to room temperature on a laboratory bench.  If phase separation occurred before 30 
minutes, which is considered the workable mixing time period at room temperature 
before polymerization, then the sample was considered insoluble.  In addition, samples 
that were close to the solubility border were placed in a vacuum oven at a temperature of 
65°C in a nitrogen-purged atmosphere for a few hours.  This temperature and atmosphere 
simulate the polymerization oven conditions.  If phase separation occurred while in the 
65°C oven, then the sample was considered insoluble.  For solutions containing both 
AMPS and MBA, AMPS was dissolved into [EMIM][EtSO4] first followed by the MBA 
under the same temperature and pressure conditions described previously.  Again, 
solubility was determined by the workable mixing and polymerization time windows.  
All solutions were less than five grams and filled no more than one-third of the glass 
vials.  Prior to loading the vials occupied with solution, KimWipes
TM
 were fastened to the 
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vial opening with a rubber band.  The KimWipe
TM
 aided in capturing any splashing of the 
solution and elimination of fouling of the vacuum oven. 
 
4.3.2   Design of Experiment Procedure 
 
 
 The design of experiment procedure utilized Minitab 15 to create a three-
component design of experiment.  After completing the investigation of the solubility 
window of AMPS and MBA in [EMIM][EtSO4], the upper and lower boundaries or 
limits of each component within the system and the total number of components were the 
only non-statistical pieces of information required to create the DOE.  Concerniong 
statistical information, extreme vertices design with three components, a degree of design 
of two with augmentation of center and axial points, and one replicate of the whole 
design was selected.  Extreme vertices design was chosen because only a subportion of 
the entire simplex, or ternary plot, is covered by the solubility window. A degree of 
design of two with augmentation of center and axial points was chosen so that the 
endpoints and midpoints of the boundary vertices were obtained in the results as well as 
the center and axial points.  This results in an overall mixture design that is an extreme 
vertices type with partial fitting of a cubic model.  Only one replicate of the whole design 
was chosen to minimize the number of resulting chemical formulations in the DOE.  
Minitab outputs the results for the DOE in both tabular and graphical form. 
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4.4   Results and Discussion 
 
 
4.4.1   Solubility Window Results 
 
 
 Figure 4.2 is a rough sketch of the solubility experiments results on a ternary plot, 
similar to Figure 4.1, with the absence of the numerical axes.  In this figure, the red 
region represents no monomer solubility at or below 65°C.  Samples with chemical 
formulations located within the red region exhibit incomplete, mostly minimal, 
dissolution of AMPS and MBA in [EMIM][EtSO4].  As a side note, AMPS and MBA in 
this region did not dissolve completely in [EMIM][EtSO4] even at 130°C.  A temperature 
of 65°C is chosen as the cut off temperature since the synthesis technique requires the 
solution to cool down below 65°C for the incorporation of PPS as well as an extended 
period of time at 65C° for curing.  Therefore, the entire red region is considered outside 
the workable solubility window. 
 Also in Figure 4.2, the yellow region represents immediate phase separation of 
AMPS and MBA in [EMIM][EtSO4] below 65°C.  At first, chemical formulations within 
this region showed promise in that complete dissolution of AMPS and MBA occurred at 
130°C in a vacuumed atmosphere.  However, upon placement of samples onto a 
laboratory bench for cooling, phase separation occurred within 30 minutes.  Therefore, 
like the red region, the yellow region is considered outside the workable solubility 
window. 
 Lastly, in Figure 4.2, the green region represents monomer solubility at or above 
ambient temperature.  Chemical formulations within this region exhibit complete 
dissolution of AMPS and MBA in [EMIM][EtSO4] with the ability of the monomers to 
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stay in solution longer than 30 minutes while positioned on a laboratory bench at ambient 
temperature.  The ability of the monomers to stay in solution at ambient temperature 
allows for the incorporation of PPS and the transfer of the precured solution to 
polymerization containers.  Therefore, the green region is considered the workable 
solubility window. 
 
 
[EMIM][EtSO4]
RTIL Solvent  
 
Figure 4.2.  Ternary graph of monomer solubility in [EMIM][EtSO4] where the red 
region indicates no monomer solubility at 65°C, yellow region indicates immediate phase 
separation below 65°C, and green region indicates monomer solubility at or above 25°C. 
 
 
 
 Similar to Figure 4.2, Figure 4.3 illustrates the workable solubility window of 
AMPS and MBA completely dissolved in [EMIM][EtSO4].  Unlike Figure 4.2, Figure 4.3 
contains the numerical axes and aids the reader in quantitatively understanding the 
solubility window.  AMPS and MBA have a maximum workable mole fraction solubility 
in [EMIM][EtSO4] of 0.30 and 0.125, respectively.  The maximum workable mole 
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fraction solubility of AMPS and MBA in [EMIM][EtSO4] is along the 0.65 
[EMIM][EtSO4] line with AMPS having a range of 0.225 to 0.25 and MBA having a 
range of 0.10 to 0.125.  The exact chemical formulation of AMPS and MBA in 
[EMIM][EtSO4] creating the solubility window boundary is not determined; however, 
chemical formulations outside this region exhibit immediate phase separation below 
65°C which is indicated by the yellow region in Figure 4.2. 
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Figure 4.3. Ternary plot of monomer solubility with numeric axis labels where the 
region encompassed by the five black circles indicates the solubility window; the 
black numbers correspond to the chemical formulations tabulated in Table 4.1. 
 
 
 
 Table 4.1 tabulates the monomer solubility limits that are graphically represented 
in Figure 4.3.  As seen in Table 4.1, the minimum mole fraction of [EMIM][EtSO4] in an 
ILG is 0.70 while the maximum mole fractions of AMPS and MBA in an ILG are 0.30 
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and 0.125, respectively.  These mole fraction solubility limits are used in sections 4.3.2 
and 4.4.2 in the construction of a three component statistical design of experiment. 
 
 
Table 4.1. Monomer solubility limits for the workable solubility window; the chemical 
formulations are represented graphically on a ternary plot in Figure 4.3. 
 
Chemical Formulation xAMPS xMBA x[EMIM][EtSO4]
1 0.300 0.000 0.700
2 0.250 0.100 0.650
3 0.225 0.125 0.650
4 0.000 0.125 0.885
5 0.000 0.000 1.000  
 
 
 
4.4.2   Design of Experiment Results 
 
 
 After determining the workable solubility window for the synthesis of ILG, a set 
of chemical formulations that are capable of representing the entire window for testing is 
desired.  A three-component statistical design of experiment was implemented to 
determine the best possible set of chemical formulations and the results are discussed 
below. 
 Figure 4.4 graphically illustrates the results from the DOE.  As seen in Figure 4.4, 
the output of the DOE consists of 16 chemical formulations of which 10 are located on 
the border of the solubility window and six in the middle. 
Also seen in Figure 4.4, half of the 16 chemical formulations are crossed out in 
red, which indicates elimination from the DOE.  Formulations that are located on the 
bottom and the right axes consist of only two out of the three components and the 
formulation located on the right apex of the ternary plot consists of only one component.  
Since not all three components are present, these formulations are omitted from the DOE.  
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In particular, the formulations located on the right axis consist of only AMPS and 
[EMIM][EtSO4].  These formulations lack the presence of MBA, or cross-linking agent; 
thus, a cross-linked polymer network will not form.  In addition, the formulations located 
on the bottom axis consists of only MBA and [EMIM][EtSO4].  Theoretically, these 
formulations are capable of producing a highly cross-linked polymer network; however, 
based on small-scale preliminary experiments, these formulations exhibit strong phase 
separation during polymerization creating a thick, white material that is brittle.  Lastly, 
the formulation located on the right apex consists of only [EMIM][EtSO4], or solvent, 
and no monomers; consequently, a polymer network will not form.  The three interior, 
crossed out chemical formulations are omitted from the DOE due to the proximity of 
these formulations to others and the desire to reduce the initial number of synthesis 
experiments required knowing additional formulations will be added to the design. 
The results from the DOE aid in fully representing the ILG that can be 
synthesized within the solubility window.  Not included in the DOE results, however, are 
the original formula outlined in Appendix A, an additional preliminary formula, two 
formulas with a high concentration of MBA relative to AMPS, and four formulas of 
which two hold the mole fraction of [EMIM][EtSO4] constant while varying the mole 
fraction ratio of MBA to AMPS and the other two which hold the mole fraction ratio of 
MBA to AMPS constant while varying the concentration of [EMIM][EtSO4].  Figure 4.5 
shows the incorporation of the additional eight chemical formulations mentioned 
previously and the omission of the crossed out formulas.  The results depicted in Figure 
4.5 are considered the modified DOE. 
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Figure 4.4. AMPS:MBA:[EMIM][EtSO4] ternary plot with results from statistical design 
of experiment constructed in Minitab 15 shown as ●; the chemical formulations crossed 
out in red indicate formulations that are omitted from the design. 
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Figure 4.5. AMPS:MBA:[EMIM][EtSO4] ternary plot with modified statistical design of 
experiment results shown as . 
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 For a better representation and clarification of the exact, numerical chemical 
formulations in the modified DOE, Figure 4.6 is a magnified version of the ternary plot in 
Figure 4.5.  Figure 4.6 includes the 16 chemical formulations of the modified DOE with 
color coding.  The green points represent the formulations provided from the original 
DOE.  The blue points represent the preliminary formulations that were employed in the 
ILG synthesis studies.  The violet points represent two formulations with a high mole 
fraction of MBA relative to AMPS that are slightly above the bottom boundary of the 
solubility window.  Lastly, the red points represent two formulations that hold the mole 
fraction of [EMIM][EtSO4] while varying the other two components and two 
formulations that hold the mole fraction ratio of MBA to AMPS constant while varying 
the solvent component. 
 In addition to the color scheme for the chemical formulation points, each point in 
Figure 4.6 is labeled with a number.  These numbers link the graphical representation of 
the modified DOE in Figure 4.6 to the tabulated representation in Table 4.2.  Table 4.2 
also includes the mole fraction ratio of MBA to AMPS and the mass fraction of 
[EMIM][EtSO4] for each ILG chemical formulation. 
The solubility of AMPS and MBA in [EMIM][EtSO4] is dependent upon the 
synthesis procedure outlined in chapter 2 and modified in this chapter.  The creation of 
the solubility window of the monomers in the solvent on a ternary plot along with the 
implementation and modification of a three component statistical design of experiment 
provides a range of formulations that can be used to link composition of ILG to 
properties.  Knowledge of this relationship allows one to have the ability to predict and 
tailor the chemical formulations to obtain a set of desired physical properties.  Moreover, 
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physical property testing of ILG will provide insight into the usefulness of these gels as 
tissue surrogates for blunt impact testing.  Physical property testing of ILG is the basis of 
Chapter 5. 
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Figure 4.6. Magnified AMPS:MBA:[EMIM][EtSO4] ternary plot with modified DOE 
results where the original DOE results, preliminary formulations, relatively high MBA to 
AMPS mole fraction formulas, and constant component formulas are represented as ●, ●, 
●, and ●, respectively. 
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Table 4.2. Exact ionic liquid gel chemical formulations for the modified DOE that are 
represented graphically in Figure 4.6. 
 
Ternary Plot # xAMPS xMBA x[EMIM][EtSO4] xMBA/xAMPS y[EMIM][EtSO4]
1 0.257 0.093 0.650 0.363 0.684
2 0.263 0.088 0.650 0.333 0.683
3 0.225 0.125 0.650 0.556 0.688
4 0.233 0.030 0.738 0.129 0.760
5 0.195 0.093 0.713 0.474 0.745
6 0.191 0.038 0.771 0.199 0.793
7 0.188 0.038 0.775 0.200 0.803
8 0.165 0.060 0.775 0.364 0.800
9 0.113 0.125 0.763 1.111 0.799
10 0.107 0.118 0.775 1.101 0.803
11 0.123 0.098 0.779 0.797 0.810
12 0.128 0.047 0.825 0.364 0.846
13 0.083 0.093 0.825 1.121 0.854
14 0.083 0.030 0.888 0.364 0.902
15 0.022 0.097 0.882 4.500 0.908
16 0.022 0.034 0.944 1.593 0.955  
 
 
 
4.4.3   Synthesis Results of Modified DOE Chemical Formulations 
 
 
 In creating the ILG based on the compositions tabulated in Table 4.2, the 
synthesis procedure in chapter 2 was utilized.  Enough solution for each formulation was 
mixed such that multiple bar and cylindrical specimens were produced.  These specimens 
are employed in the physical property tests that are described in Chapter 5.  Figure 4.7 
thru Figure 4.9 illustrate examples of ILG that were produced, specifically chemical 
formulations 5, 9, and 11, respectively.  Additional pictures of the ILG are given in 
Appendix C. 
 
65 
 
 
 
 
 
 
 
Figure 4.7. Cylindrical specimen of chemical formulation # 5 from 
Figure 4.6 and Table 4.2. 
 
 
 
 
 
 
 
 
Figure 4.8. Cylindrical specimen of chemical formulation # 9 from 
Figure 4.6 and Table 4.2. 
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Figure 4.9. Cylindrical specimen of chemical formulation # 11 from 
Figure 4.6 and Table 4.2. 
 
 
 
 The physical appearance of the ILG specimens is light yellow to faded white in 
color with varying degrees of transparency.  The specimens that exhibited a degree of 
white in appearance indicate possible phase separation during polymerization.  Table 4.3 
is an extension of Table 4.2 and indicates which ILG formulations exhibited a degree of 
phase separation.  The presence of a white, opaque hue within the ILG indicates probable 
phase separation of the AMPS-MBA cross-linked network.  Table 4.3 shows which 
formulations exhibited phase separation.  From these data, phase separation appears to 
occur when the MBA to AMPS mole fraction ratio is greater than 0.8. The formulations 
that exhibited phase separation were tested for physical property characteristics and may 
or may not be included in all of the analysis presented in Chapter 5. 
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Table 4.3. Exact ILG chemical formulations for the modified DOE with phase separation 
during polymerization results; ILG that phase separated are indicated in red. 
 
Ternary Plot # xAMPS xMBA x[EMIM][EtSO4] xMBA/xAMPS y[EMIM][EtSO4] Phase Separation
1 0.257 0.093 0.650 0.363 0.684 No
2 0.263 0.088 0.650 0.333 0.683 No
3 0.225 0.125 0.650 0.556 0.688 No
4 0.233 0.030 0.738 0.129 0.760 No
5 0.195 0.093 0.713 0.474 0.745 No
6 0.191 0.038 0.771 0.199 0.793 No
7 0.188 0.038 0.775 0.200 0.803 No
8 0.165 0.060 0.775 0.364 0.800 No
9 0.113 0.125 0.763 1.111 0.799 Yes
10 0.107 0.118 0.775 1.101 0.803 Yes
11 0.123 0.098 0.779 0.797 0.810 Yes
12 0.128 0.047 0.825 0.364 0.846 No
13 0.083 0.093 0.825 1.121 0.854 Yes
14 0.083 0.030 0.888 0.364 0.902 No
15 0.022 0.097 0.882 4.500 0.908 Yes
16 0.022 0.034 0.944 1.593 0.955 Yes
 
 
 
 The ILG sample prepared varied in stickiness, which, qualitatively, is dependent 
upon the amount of [EMIM][EtSO4] present in the gel.  In addition, the ILG exhibit a 
varying degree of stiffness to the touch.  Lastly, all samples emitted a sharp, acidic odor 
that is attributed to the sulfonic acid part of AMPS and sulfate part of [EMIM][EtSO4] 
reacting quickly with water vapor present in the atmosphere.  The potency of the sharp, 
acidic odor varied depending of the amount of AMPS and [EMIM][EtSO4] present in the 
gel. 
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Chapter 5: Physical Property Characterization of Ionic Liquid Gels 
 
 
 
 In the preceding chapters, the successful synthesis of room-temperature ionic 
liquid gels (ILG) was described.  Based on this success, the following questions are 
asked:  What are the physical property characteristics of the ILG?;  What is the range of 
the physical properties that can be obtained?; and, based on behavioral characteristics, 
what are the potential applications of these gels?  This chapter answers the first two 
questions by testing the ILG prepared in chapter 4; the last question will be addressed in 
chapter 6.  Five physical property studies geared towards gaining an understanding of the 
ILG behavior are presented in this chapter.  These include: (1) analysis of the glass 
transition temperature, (2) analysis of the elastic modulus in compression, (3) the study of 
the absorption of ionic liquid, (4) the study of the absorption of atmospheric water vapor, 
and (5) an analysis of conductivity. 
This chapter is divided into four main sections.  The first section provides a 
background of each physical property highlighting the importance of each study in 
achieving a comprehensive understanding of the ILG.  The second section describes the 
additional materials, equipment, and tools, particularly chemicals and/or lubricants, 
utilized in conducting each study. 
The fourth section outlines the procedures followed for testing.  The last section 
contains the results obtained with discussions. 
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5.1   Background 
 
 
5.1.1   Glass Transition Temperature with Associated Tests 
 
 
 The glass transition temperature (Tg) of a polymer corresponds to the temperature 
at which the amorphous domain becomes glassy upon cooling or soft on heating.  The Tg 
is considered a pseudo secondary order transition whereby a supercooled melt, upon 
cooling, yields a glassy structure and possesses similar properties to those of mostly 
crystalline materials.  The Tg of a polymer is largely dependent upon the morphology and 
chemical structure of the polymer chains as well as the presence or absence of a 
plasticizer.  Cross-linked polymer networks that are polymerized via chain 
polymerization are considered amorphous and, therefore, demonstrate a Tg.  If the Tg of 
the polymer is above ambient temperature, then the polymer is considered glassy at room 
temperature.  If the Tg of the polymer is below ambient temperature, then the polymer is 
considered rubbery at room temperature. 
 ILG are desired to be rubbery at ambient temperature in order to mimic soft tissue 
and replace ballistic gelatin (BG) as a blunt impact testing surrogate.  Through qualitative 
physical observations, one is able to determine the rubberiness or glassiness of the ILG; 
however, a quantitative analysis is desired in order to understand the effects of the 
concentration of AMPS, MBA, and [EMIM][EtSO4] on the Tg. 
 The measurement of Tg for the ILG was carried out using dynamic mechanical 
analysis (DMA) and differential scanning calorimetry (DSC).  Moreover, through 
literature references, theoretical prediction of Tgs of the components within the system 
and the Tg of the overall system were attempted in this chapter. 
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5.1.2   Elastic Modulus in Compression 
 
 
 In mechanical static testing, the elastic modulus in compression is a mechanical 
constant that describes a material’s displacement response, or strain, to an applied force, 
or stress, while in compression.  Elastic modulus in compression is related to the 
material’s resistance to viscoelastic deformation upon compression.  The viscoelasticity 
of a material is a property that describes the viscous and elastic characteristics of a 
material upon deformation.  The viscous characteristic of a material is related to the ease 
at which molecular chains or atoms are able to respond to deformation by translational 
movements with respect to each other.  The elastic characteristic of a material is related 
to the ease at which molecular bond lengths, angles, and conformations respond to 
deformation.  A higher elastic modulus represents a stiffer material.  While a lower 
elastic modulus represents a more flexible material.  By obtaining the stress-strain 
behavior of a material, the elastic modulus in compression, which is Young’s modulus in 
compression assuming negligible barreling, can be acquired.  The elastic modulus is the 
initial, linear slope of the compressive stress-strain curve immediately following a brief 
induction period that occurs upon firm settlement of the gel with platens as seen in Figure 
5.1 [55-57].  The elastic modulus is calculated by the following equation where σ is the 
compressive stress, ε is the compressive strain, and EC is the elastic modulus in 
compression. 
 
εσ CE=           (5.1) 
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Figure 5.1. Generalized stress-strain curve. 
 
 
 
 The measurement of the elastic modulus of the ILG is important and allows for 
direct comparison of the gels with BG and soft tissue.  As stated in chapter 1, earlier 
research has demonstrated that the elastic modulus of soft tissue varies from 25 to 300 
kPa [5].  The elastic modulus of BG has been shown to be between 100-150 kPa [6-7].  
Therefore, by obtaining the possible elastic modulus range of the ILG, one can determine 
if the gels have the ability to simulate the elastic properties of soft tissue and be a viable 
tissue surrogate candidate. 
 Moreover, like the Tg of the ILG, through qualitative physical observations, one is 
able to discern the relative stiffness or flexibility of the gels relative to each other and to 
BG and soft tissue; however, a quantitative analysis is desired in order to understand the 
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effects of the concentrations of AMPS, MBA, and [EMIM][EtSO4] on the elastic 
modulus of the gels. 
 The elastic modulus in compression was measured using a servo-hydraulic 
mechanical testing instrument (Instron) in compression mode. 
 
5.1.3   Gravimetric Tests 
 
 
 Gravimetric measurements are used to describe the mass change of a material 
subjected to various environmental conditions.  Quantitatively analyzing the mass uptake 
or depletion as a function of time and environments allows one to understand how a 
material responds in certain conditions on both the macroscopic and microscopic levels.  
For instance, on the macroscopic level, understanding the stability and durability of a 
material in certain environmental conditions can result in a material being suitable or 
unsuitable for a particular application.  Moreover, on the microscopic level, an 
understanding of the diffusivity of atmospheric water vapor into a material can be used to 
predict behavior. 
 The main purpose of this synthetic surrogate study is to produce a material that is 
able to mimic soft tissue in blunt trauma testing while maintaining constant physical 
properties over a wide range of environments and bench-life.  Therefore, understanding 
the stability of the ILG is crucial in obtaining gels that are suitable candidates as a 
replacement for BG. 
 In this work, the ILG produced for preliminary analysis are subjected to ambient 
laboratory environmental conditions at various relative humidities.  The results from this 
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analysis are directly compared to BG that is subjected to the same conditions.  This direct 
comparison provides insight into the stability of both BG and the ILG for ballistic testing. 
 In addition to the ambient environmental conditions, the ILG are exposed to a 
saturated [EMIM][EtSO4] environment at 60°C in an inert atmosphere.  The purpose of 
this study is to obtain insight into the swelling behavior of the ILG as well as gel stability 
in excess plasticizing agent.  The experiments are conducted at an elevated temperature to 
shorten the study’s duration. 
 
5.1.4   Conductivity 
 
 
 The electrical conductivity is a measure of a material’s ability to conduct an 
electric current.  Conductivity is the reciprocal of electrical resistivity.  On the molecular 
level, the ability of a material to conduct depends, among other things, on the presence or 
absence of positively and negatively charged domains and free ions. 
Due to the ILG having hydrogen bonding and strong ionic interactions, 
specifically the ionic interactions of AMPS and [EMIM][EtSO4] , ILG are predicted to 
conduct an electrical current.  The purpose of this study is to determine the conductivity 
of the ILG.  By determining the electrical conductivity of the ILG, one is able to gain 
insight into the usefulness of these materials not only as tissue surrogates but also for 
other potentially interesting applications like high temperature fuel cell membranes, 
actuators, and sensors. 
Using electrochemical impedance spectroscopy, the electrical resistance of the 
ILG was measured and the electrical conductivity was calculated by the following 
equation [18, 51-52]. 
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In equation 5.2, σ is the electrical conductivity in S cm
-1
, R is the bulk electrical 
resistance in Ω, l  is the thickness of the ILG in cm, and Ac is the cross sectional area of 
the ILG in cm
2
. 
 
 
5.2   Materials 
 
 
5.2.1   Materials for Glass Transition Temperature Analysis 
 
 
 For measurement of the Tg of both “dry” and “wet” (with IL) systems of ILG by 
the DMA and DSC methods, acetone served as a cleaning agent.  In order to extract the 
[EMIM][EtSO4] from the ILG and retain only the cross-linked polymer network, distilled 
water was used and then evaporated from the gels.  These dried out polymer networks 
were tested via the DSC method.  In the DSC method, specialized milligram-sized pans 
were used as a reference and holding containers for the specimens, specifically, hermetic 
or Tzero (TA instruments) aluminum pans.  Moreover, a calibrated laboratory scale 
capable of reading up to ± 0.0001 grams was required for the DCS experiments. 
For the DMA experiments, a caliper capable of measuring up to ± 0.01 mm was 
used to measure the gel dimensions.  In addition, for the DMA experiments, an Allan-
fitted torque wrench was employed to properly mount the gels into the dual-cantilever 
fixture. 
Both the DMA and DSC methods required the use of forceps and one-edged razor 
blades to handle and shape the gels appropriately.  Also, forceps were utilized in 
transferring the aluminum pans to and from the DSC cell. 
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5.2.2   Materials for Elastic Modulus in Compression Analysis 
 
 
 For measurement of the elastic modulus in compression of the ILG by the servo-
hydraulic method using an Instron 8871 in compression mode, acetone and extra virgin 
olive oil were the only chemicals required.  As with the DMA and DSC methods, stated 
in section 5.2.1, acetone served as a cleaning agent.  Extra virgin olive oil served as 
lubrication between the cylindrically shaped ILG specimens and the metal compressive 
platens.  The purpose of this lubricating agent is to help reduce the phenomenon known 
as the barreling effect, which can occur in specimens that are subjected to compressive 
forces.  According to Meyvis et al., barreling, or elongation of a specimen in the 
horizontal direction which simulates the shape of a barrel, results from additional shear 
forces stemming from platen friction that can lead to significant deviations of measured 
modulus values from the true elastic modulus [53]. 
Additional tools and equipment included a caliper capable of measuring up to ± 
0.01 mm for measurement of gel dimensions and a one-edged razor blade for smoothing 
out the top and bottom of the specimens to ensure complete gel-platen contact. 
 
5.2.3   Materials for Gravimetric Analysis 
 
 
 Gravimetric analysis was performed in two ways: (1) submersion of the ILG in 
pure [EMIM][EtSO4] at 60°C in an inert atmosphere and (2) in a controlled environment 
oven at 25°C at set relative humidities.  The only additional chemical required was dried 
[EMIM][EtSO4].  For the gravimetric analysis in [EMIM][EtSO4], additional equipment 
and tools included: 20 mL scintillation vials, razor blades to cut the ILG specimens into 
relatively equal pieces, a metal spatula with a 90° blade to transfer the pieces from the 
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vials to weighing pans, and aluminum dishes to hold the specimens during weighing.  For 
the gravimetric analysis in a controlled environment oven, additional equipment and tools 
included aluminum dishes for specimen containment while in the oven.  A calibrated 
laboratory scale capable of reading up to ± 0.001 grams was required for both 
experiments. 
 
5.2.4   Materials for Conductivity Analysis 
 
 
 For conductivity analysis by an electrochemical impedance technique, acetone 
was the only chemical required.  Acetone was used as a cleaning agent.  In this method, a 
one-edged razor blade was employed to cut the ILG specimens into pieces with cross-
sectional areas of a little more than 1.22 cm
2
.  Having this predetermined cross-sectional 
area ensures that the electrodes are completely covered by the gel and that the sample can 
snuggly fit into the holder.  A caliper capable of measuring up to ± 0.01 mm was used to 
measure the sample dimensions. 
 
 
5.3   Procedures 
 
 
5.3.1   Dynamic Mechanic Analyzer 
 
 
 Viscoelastic behavior of ILG was determined with a TA Instruments Q800 DMA 
in multi-frequency strain mode using a dual-cantilever clamp on rectangular samples with 
dimensions of approximately 35 mm x 12 mm x 4.0 mm.  Using liquid N2 as the cooling 
source, the temperature was ramped from -90°C to -20°C at a rate of 0.5°C/min and then 
ramped from -20°C to 30°C at a rate of 2.0°C/min.  The frequency and amplitude of 
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oscillation were maintained at 1.0 Hz and 7.5 µm, respectively.  The Tg was determined 
as the temperature corresponding to the maximum of the loss modulus peak [43, 54]. 
 
5.3.2   Differential Scanning Calorimeter 
 
 Viscoelastic behavior of ILG and the dried polymer networks of the ILG obtained 
using a TA Instruments Q2000 DSC in heating ramp mode using hermetic and Tzero 
aluminum pans.  An empty pan was used as a reference while sample size was an average 
15.5 mg.  Using a sub-ambient refrigerator and nitrogen gas purge, the temperature was 
equilibrated at -90°C then ramped to 0°C at a rate of 10°C per minute.  This process was 
repeated.  The Tg was determined as the temperature at which the inflection point of the 
heat flow curve occurs.  The second heat flow curve was analyzed for the Tg. 
 
5.3.3   Instron 8871 
 
 
 Elastic modulus in compression of ILG was obtained using an Instron 8871 in 
compression mode.  Experiments were conducted according to the compression test at the 
specified deflection method outlined in ASTM D695-02a for cylindrically shaped 
specimens with roughly a 2:1 diameter to height ratio, extra virgin olive oil as the 
lubricant, and a deflection rate (mm/sec) based on the initial height divided by 1000, 
which ensures quasi-static mechanical testing [55].  The elastic modulus in compression 
(EC) was determined from the initial, linear slope portion of the compressive stress versus 
compressive strain curve immediately after the settling period [56-57].  In this study, 
three specimens of each ILG were measured with the average EC reported with standard 
deviations. 
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5.3.4   Controlled Humidity Chamber 
 
 
 The environmental response of ILG, as well as standard BG, was quantified 
gravimetrically on cylindrical samples having 12 mm x 12 mm dimensions that were 
placed in a Caron 6010 controlled environment oven at 25°C at 30 percent, 60 percent, 
and 90 percent relative humidity.  Three samples of each were placed in the controlled 
environment oven at each relative humidity. Samples were measured periodically over a 
week at each relative humidity.  The reported mass changes of the ILG and BG are 
average mass changes with standard deviations. 
 
5.3.5   Gravimetric Analysis in [EMIM][EtSO4] 
 
 
 Gravimetric analysis of ILG immersed in dried [EMIM][EtSO4] was conducted 
using 20mL scintillation glass vials, a nitrogen purged 60ºC oven, and pie-sliced shaped 
specimens with an initial average mass of 240 mg.  Three specimens of each sample were 
immersed in [EMIM][EtSO4] in individual glass vials.  The vials were situated into the 
60ºC oven and weighed daily for roughly 8.5 days.  The percent mass changes reported in 
this study are average values with standard deviations. 
 
5.3.6   Conductivity Apparatus 
 
 
 Conductivity of the ILG was determined by an electrochemical impedance 
spectroscopy technique [44].  ILG resistance was measured at AC frequencies ranging 
from 100 HZ to 1 MHz with an applied potential of 10 mV using a Solartron impedance 
system that is described elsewhere [52].  The conductance of the ILG was measured 
perpendicular to the cross-sectional plane of the gels with two 1.22 cm
2
 stainless steel 
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blocking electrodes.  The gels were securely positioned between the two electrodes via 
Teflon spacer device that contains ports for the two electrodes to pass through and 
threaded male and female ends for tightening.  The real impedance of the ILG was 
determined from the x-intercept of the imaginary versus real impedance data.  The value 
of the x-intercept was then used to determine the conductivity of the gels.  Various 
specimens of each ILG were measured and the conductivity values reported in this study 
are an average conductivity with standard deviations. 
 
 
5.4   Results and Discussion 
 
 
5.4.1   Glass Transition Temperature 
 
 
5.4.1.1   DMA Results and Discussion 
 
 
 Figure 5.2 is a representative graph of the storage modulus (G′) and loss modulus 
(G′′) versus temperature of an ILG obtained by DMA.  Figure 5.2 is for the DOE ILG 
chemical formation # 3.  As can be seen in Figure 5.2, the maximum of the loss modulus 
curve occurs at -63.88°C.  The absolute values of both the storage modulus and loss 
modulus provides insight into the stiffness of the gels during dynamic mechanical testing; 
however, caution is advised since each bar sample was tightened rather loosely into the 
clamps of the dual-cantilever.  More specifically, each gel was not tightened down with 
the same amount of torque at room temperature.  While the clamp force may affect 
storage modulus values, the force does not influence the general behavior of the modulus 
with temperature. 
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 The storage modulus and loss modulus curves as a function of temperature for 
DOE ILG formulations 1-2, 4-15 are found in Appendix D. 
 Table 5.1 is an extension of Table 4.2 where the Tg, obtained from the DMA tests 
for each ILG, is included.  As noted in Table 5.1, the Tg’s of ILG formulations 15 and 16 
were not obtained.  Multiple bar samples were tested in the DMA; however, each sample 
broke upon cooling, particularly around -80˚C.  These formulations exhibited a 
significant level of phase separation during polymerization.  This results in domains of 
highly cross-linked polymer network and areas of high [EMIM][EtSO4] concentration 
with lightly cross-linked polymer.  This phenomenon results in an inconsistent gel.  
Therefore, these formulations are omitted from the DMA Tg analysis.  ILG formulations 
9-11 and 13 also exhibited phase separation during polymerization; however, these gels 
provided results and are analyzed in Figure 5.3. 
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Figure 5.2. Graph of storage modulus and loss modulus 
versus temperature for DOE ILG formulation #3. 
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Table 5.1. ILG chemical formulations for the modified DOE with DMA acquired Tg 
results; red highlighted formulations indicate phase separation during polymerization. 
 
 Ternary Plot # xAMPS xMBA x[EMIM][EtSO4] xMBA/xAMPS y[EMIM][EtSO4] DMA Tg (°C)
1 0.257 0.093 0.650 0.363 0.684 -67.34
2 0.263 0.088 0.650 0.333 0.683 -60.46
3 0.225 0.125 0.650 0.556 0.688 -63.88
4 0.233 0.030 0.738 0.129 0.760 -66.40
5 0.195 0.093 0.713 0.474 0.745 -67.91
6 0.191 0.038 0.771 0.199 0.793 -65.68
7 0.188 0.038 0.775 0.200 0.803 -71.40
8 0.165 0.060 0.775 0.364 0.800 -71.63
9 0.113 0.125 0.763 1.111 0.799 -77.41
10 0.107 0.118 0.775 1.101 0.803 -77.51
11 0.123 0.098 0.779 0.797 0.810 -81.03
12 0.128 0.047 0.825 0.364 0.846 -70.81
13 0.083 0.093 0.825 1.121 0.854 -84.15
14 0.083 0.030 0.888 0.364 0.902 -68.99
15 0.022 0.097 0.882 4.500 0.908 x
16 0.022 0.034 0.944 1.593 0.955 x  
 
 
 
Figure 5.3 illustrates a graph of the Tg as a function of the mass fraction of 
[EMIM][EtSO4] and the ratio of the mole fractions of MBA and AMPS.  In Figure 5.3, 
the Tgs of the ILG show a general decreasing trend with increasing mass fraction of 
[EMIM][EtSO4] between the MBA to AMPS mole fraction ratio range of 0.10 to 0.60.  
Moreover, in this MBA to AMPS mole fraction ratio region, the Tgs of the ILG do not 
change dramatically.  The RTIL solvent acts as a plasticizer and reduces the 
concentration of the polymer network in the ILG causing the polymer to soften and the 
solvent to dominate the dynamic viscoelastic behavior.  Plasticization results in a lower 
modulus of the ILG at room temperature and a decrease in the Tg.  Also in Figure 5.3, 
there are four outliers that do not follow the general trend of the Tg decreasing with 
increasing mass fraction of [EMIM][EtSO4].  These four outliers are within the MBA to 
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AMPS mole fraction ratio range of 0.8 to 1.2.  As described in chapter 4, specifically in 
Table 4.3, these ILG show phase separation.  As a result of these phenomena and since 
the ILG are comprised of a solvent concentration greater than or equal to 0.68 by mass, 
the Tgs of the ILG are influenced more so by the concentration of [EMIM][EtSO4] than 
the MBA to AMPS mole fraction ratio. 
 Figure 5.4 is a repeat of Figure 5.3 but excludes the four outliers described 
previously.  With the truncation of the MBA to AMPS mole fraction ratio axis and a 
different viewing angle of the three-dimensional graph, the general trend of decreasing Tg 
with increasing plasticizer and the dominance of the [EMIM][EtSO4] in determining the 
viscoelastic behavior of the ILG is more pronounced. 
 Figure 5.5 is a graph of the Tg versus the MBA to AMPS mole fraction ratio 
where the mass fraction of [EMIM][EtSO4] is held constant in each formulation.  In 
Figure 5.5, the ILG formulations 7 and 8 have nearly the same Tgs.  These formulations 
exhibited no phase separation during polymerization.  However, ILG formulation 10 
exhibited phase separation and, therefore, the acquired Tg is considered informative but 
inconclusive.  Even though there is a clear value of Tg, phase separation was observed 
and, therefore, the value of Tg could be the Tg of only one of the phases or perhaps a 
combination.  However, the DMA plots do not show two transitions and yet, the Tg is 
lower with higher MBA, which is counterintuitive and probably due to the phase 
separation.  This phenomenon could indicate that the Tg of the polymer network is not 
showing up.  Instead, the Tg of the ILG is only of the [EMIM][EtSO4].  Thus, Figure 5.5 
confirms that the Tg of the gels is influenced more so by the concentration of 
[EMIM][EtSO4] than the MBA to AMPS mole fraction ratio.  Initially, this phenomenon 
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was not expected, but the dominance of the [EMIM][EtSO4] on the Tg makes sense since 
the mass fraction of solvent in the ILG is greater than 0.68.  For future analysis, synthesis 
and testing of additional formulations with a variety of cross-linker to monomer mole 
fraction ratios with the same mass fraction of [EMIM][EtSO4] held constant is 
recommended. 
 Figure 5.6 is a graph of the Tg versus the mass fraction of [EMIM][EtSO4] where 
the MBA to AMPS mole fraction ratio is held constant.  As seen in Figure 5.6, the Tgs of 
the ILG decrease with increasing mass fraction of [EMIM][EtSO4] while holding the 
MBA to AMPS mole fraction ratio constant.  For future analysis, synthesis and testing of 
additional formulations with a variety of mass fractions of [EMIM][EtSO4] with the same 
MBA to AMPS mole fraction held constant is recommended. 
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Figure 5.3. Graph of DMA acquired Tg versus the mass fraction of 
[EMIM][EtSO4] and the MBA to AMPS mole fraction ratio. 
Outliers 
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Figure 5.4. Graph of DMA acquired Tg versus the mass fraction of [EMIM][EtSO4] and 
the MBA to AMPS mole fraction ratio excluding phase separated gels. 
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Figure 5.5. Graph of the Tg versus MBA to AMPS mole fraction ratio 
where the mass fraction of [EMIM][EtSO4] is held constant at 0.80. 
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Figure 5.6. Graph of the Tg versus mass fraction of [EMIM][EtSO4] where the MBA to 
AMPS mole fraction ratio is held constant at 0.36. 
 
 
 
5.4.1.2   ILG DSC Results and Discussion 
 
 
 Figure 5.7 is a representative graph of heat flow versus temperature of an ILG 
obtained via DSC where the exotherm is up.  Figure 5.7 is for the DOE ILG formulation 
#6.  As seen in Figure 5.7, the inflection point of the heat flow curve occurs at -70.17°C.  
The step transition of the heat flow corresponds to a second order phase transition such as 
the glass transition.  Since the step transition occurs over a large temperature range, the 
inflection point between the onset and offset temperatures of the heat flow curve or the 
maximum of the first derivative of the heat flow curve is taken as the Tg. 
 The heat flow curves as a function of temperature for DOE ILG formulations 1-3, 
5, 7-14 are found in Appendix E. 
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Figure 5.7. Graph of heat flow versus temperature for DOE ILG 
formulation #6 where Tg occurs at the inflection point of the curve. 
 
 
 
 Table 5.2 is an extension of Table 4.2 where Tg values, obtained from the DSC 
tests for each ILG, are included.  As noted in the Tg DMA analysis of the ILG, ILG 
formulations 9-11 and 13 exhibited phase separation during polymerization; however, 
these gels provided results and are analyzed in Figure 5.8.  Tg of ILG formulation #4 was 
not obtained due to difficulty in the transfer of specimen to the aluminum sample pan. 
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Table 5.2. ILG chemical formulations for the modified DOE with DSC acquired Tg 
results; red highlighted formulations indicate phase separation during polymerization. 
 
Ternary Plot # xAMPS xMBA x[EMIM][EtSO4] xMBA/xAMPS y[EMIM][EtSO4] DSC Tg (°C)
1 0.257 0.093 0.650 0.363 0.684 -75.57
2 0.263 0.088 0.650 0.333 0.683 -68.93
3 0.225 0.125 0.650 0.556 0.688 -70.51
4 0.233 0.030 0.738 0.129 0.760 x
5 0.195 0.093 0.713 0.474 0.745 -69.94
6 0.191 0.038 0.771 0.199 0.793 -70.69
7 0.188 0.038 0.775 0.200 0.803 -76.53
8 0.165 0.060 0.775 0.364 0.800 -70.17
9 0.113 0.125 0.763 1.111 0.799 -75.93
10 0.107 0.118 0.775 1.101 0.803 -74.29
11 0.123 0.098 0.779 0.797 0.810 -74.97
12 0.128 0.047 0.825 0.364 0.846 -78.03
13 0.083 0.093 0.825 1.121 0.854 -74.96
14 0.083 0.030 0.888 0.364 0.902 -72.67
15 0.022 0.097 0.882 4.500 0.908 x
16 0.022 0.034 0.944 1.593 0.955 x  
 
 
 
Figure 5.8 illustrates a graph of the Tg as a function of the mass fraction of 
[EMIM][EtSO4] and the MBA to AMPS mole fraction ratio, similar to Figure 5.3.  In 
Figure 5.8, the Tgs of the ILG show a general decreasing trend with increasing mass 
fraction of [EMIM][EtSO4] between the MBA to AMPS mole fraction ratio range of 0.10 
to 0.60.  Moreover, in this MBA to AMPS mole fraction ratio region, the Tgs of the ILG 
do not change drastically.  Similar to the DMA results, the RTIL solvent acts as a 
plasticizer and reduces the concentration of the polymer network in the ILG causing the 
polymer to soften and the solvent to dominate the dynamic viscoelastic behavior.  
Plasticization results in a shift of the Tg step transition in the heat flow curve to a lower 
value than if the plasticizer was not present in the polymer.  In the case of the gels, the 
concentration of [EMIM][EtSO4] is relatively high such that the polymer network is 
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encapsulated in the plasticizer; therefore, the Tgs of the ILG are close to the Tg of 
[EMIM]EtSO4] by itself.  See section 5.4.1.3 for further analysis of this phenomenon.  
Like Figure 5.3, the ILG formulations within the MBA to AMPS mole fraction ratio 
range of 0.8 to 1.2, which exhibited phase separation during polymerization, exists and 
does not correlate with the rest of the ILG that exhibited no phase separation during 
polymerization. 
 Figure 5.9 is a repeat of Figure 5.8 but excludes the phase-separated gels or 
outliers.  With the truncation of the MBA to AMPS mole fraction ratio axis and a 
different viewing angle of the three-dimensional graph, the general trend of decreasing Tg 
with increasing mass fraction of [EMIM][EtSO4] is more pronounced. 
The absolute, obtained numerical values of the Tgs of the gels are different than 
the Tgs acquired via DMA.  The Tg obtained by DMA and DSC are different because of 
the differences in techniques with Tg values higher from the DSC.  The most obvious 
difference is the heating rates.  As stated in Section 5.3, the heating rates for the DMA 
and DSC were 2°C per minute and 10°C per minute, respectively.  This discrepancy is 
documented; however, both techniques showed a similar Tg trend with respect to the 
chemical concentrations in the ILG.  The confirmation in the experimentally acquired Tg 
trends is significant but not conclusive.  Section 5.4.1.3 uses theory to try to better 
understand these results. 
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Figure 5.8. Graph of DSC acquired Tg versus the mass fraction of 
[EMIM][EtSO4] and the MBA to AMPS mole fraction ratio. 
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Figure 5.9. Graph of DSC acquired Tg versus the mass fraction of [EMIM][EtSO4] and 
the MBA to AMPS mole fraction ratio excluding phase separated gels. 
Outliers 
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5.4.1.3   Comparison of Experimental Results, Fox Equation Analysis, and Group 
Contribution Theory 
 
 
As mentioned in section 5.4.1.2, this section provides the results and a discussion 
of the comparison between the DSC obtained Tg results or direct measurement results, 
empirical model derived results or Fox equation applied to measurements of the 
constituents, and group contribution theory obtained Tgs coupled with the same empirical 
model.  The empirically derived and group contribution theory obtained Tg results 
employ recently published Tg data of pure, dry [EMIM][EtSO4].  In order to achieve this, 
the ILG that exhibited no phase separation during polymerization are utilized in this 
analysis more than the gels that demonstrated phase separation during polymerization. 
In order to obtain the Tg of the polymer networks without the presence of a 
solvent, the [EMIM][EtSO4] was extracted from the ILG using distilled water.  The 
water-swollen gels were then heated above the boiling point of water under vacuum in 
order to remove the water from the gels and to produce a dried polymer network.  The 
dried polymer networks were tested using a DSC to obtain the Tg of the polymer 
networks.  This analysis assumes complete extraction of [EMIM][EtSO4] and evaporation 
of water. 
Figure 5.10 is a representative graph of heat flow versus temperature for a dried 
polymer network of an ILG obtained via DSC.  Figure 5.10 is for the DOE ILG 
formulation #5.  As seen in this figure, the inflection point of the heat flow curve occurs 
at 124.05°C.  The step transition of the heat flow corresponds to a second order phase 
transition known as the glass transition.  Since the step transition occurs over a large 
temperature range, the inflection point between the onset and offset temperatures of the 
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heat flow curve or the maximum of the first derivative of the heat flow curve is taken as 
the Tg. 
 The heat flow curves for DOE ILG formulations 2-4, 6, 8-9, and 14-16 are found 
in Appendix F. 
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Figure 5.10. Graph of heat flow versus temperature for dried polymer network of 
DOE ILG formulation #5 where Tg occurs at the inflection point of the curve. 
 
 
 
 Table 5.3 tabulates the mass fractions of AMPS and MBA in the dried, fully cured 
polymer networks and the associated Tg’s acquired from DSC tests.  Table 5.3 also 
indicates which samples exhibited phase separation during polymerization.  ILG 
formulations 1, 7, 10, and 12, were not included in this analysis due to time constraints.  
However, the twelve ILG formulations in Table 5.3 are considered a representative set 
for this analysis. 
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Table 5.3. AMPS and MBA mass fractions for dried polymer 
networks of ILG with DSC acquired Tg results. 
 
Ternary Plot # yAMPS yMBA DSC Tg, polymer network (°C)
2 0.801 0.199 110.1
3 0.708 0.292 138.8
4 0.912 0.088 69.51
5 0.739 0.261 124.1
6 0.871 0.129 85.03
8 0.787 0.213 109.6
9 0.548 0.452 156.3
11 0.628 0.372 151.1
13 0.545 0.455 153.7
14 0.787 0.213 110.5
15 0.458 0.542 153.9
16 0.230 0.770 153.6  
 
 
 
 Many semi-empirical and theoretically derived equations have been developed to 
relate the polymer compositional dependency of the Tg for systems that contain multiple 
chemical components.  Such chemical components include mono-functional monomers, 
multi-functional monomers, which induce cross-linking, and plasticizers.  One of the 
more important and most widely used models is known as the Fox equation.  The Fox 
equation is found to predict the glass transition temperature of multi-component 
plasticizer-polymer mixtures well [58].  Equation 5.3 is a form of the Fox equation that 
includes the polymer network components where wAMPS and wMBA are the mass fractions 
of AMPS and MBA in the polymer network, respectively, and Tg, polymer network, Tg, AMPS, 
and Tg, MBA are the glass transition temperatures of AMPS-MBA cross-linked polymer 
network, poly(AMPS), and poly(MBA), respectively.  In Table 5.3, yAMPS and yMBA are 
equivalent to wAMPS and wMBA in equation 5.3, respectively. 
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 By the conservation of mass wAMPS + wMBA = 1.0 or wAMPS = 1.0 – wMBA.  After 
inserting this relationship into equation 5.3 and rearranging, equation 5.4 is a modified 
form of the Fox equation that is useful in empirically calculating the Tg,AMPS and Tg,MBA. 
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 Figure 5.11 is a graph of the inverse of the polymer network Tg versus the mass 
fraction of MBA.  Figure 5.11 is constructed using the information from Table 5.3 and 
applying equation 5.4.  As can be seen in Figure 5.11, the inverse of the Tgs of the 
polymer networks is not linear with respect to the mass fraction of MBA over the entire 
mass fraction range as would be suggested by equation 5.4.  However, after breaking up 
the data into two distinct regions, a region that contains gels that exhibited no phase 
separation during polymerization and a region that contains gels that exhibited phase 
separation during polymerization, two linear regimes are evident.  Separate analysis of 
the non-phase separated regime is provided using Figure 5.12. 
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Figure 5.11. Graph of the inverse of the Tg, Polymer Network versus the mass 
fraction of MBA using the modified Fox equation for dried polymer networks 
of ILG. 
 
 
 
Figure 5.12 is a graph of the inverse of the Tg of the polymer network versus the 
mass fraction of MBA.  Figure 5.12 is constructed using the information from Table 5.3 
and applying equation 5.4 for formulations that exhibited no phase separation during 
polymerization.  As can be seen in Figure 5.12, the inverse of the Tgs of the polymer 
networks is linear with respect to the mass fraction of MBA.  Also, a linear fit was 
applied to the set of data points with a regression of 0.99.  From the slope and y-intercept 
of Figure 5.12, the Tg,AMPS and Tg,MBA are calculated to be 323 K (49°C) and 1265 K 
(992°C), respectively. 
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Figure 5.12. Graph of the inverse of the Tg, Polymer Network versus the mass fraction of MBA 
using the modified Fox equation for dried polymer networks of ILG that exhibited no 
phase separation during polymerization. 
 
 
 
 From the analysis of the non-phase separated region, a Tg,MBA of 992°C of the 
poly(MBA) is unrealistic.  Nonetheless, the purpose of Figure 5.12 is to demonstrate that 
the Fox equation is applicable in determining the glass transition temperature of the 
AMPS-MBA polymer network while knowing, beforehand, the mass fraction of MBA 
within the polymer network for samples that do not phase separate.  The phase separated 
samples show relative insensitivity of the Tg with respect to the MBA concentration. 
The Tg of poly(AMPS) has been reported in the literature to be 382 K (109°C) 
which is considerably higher than the above calculated value [64].  This discrepancy can 
to attributed to poly(AMPS) not being synthesized independently and the possibility of 
residual [EMIM][EtSO4] and/or water within the dried polymer networks. 
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 A more useful application of the Fox equation is to directly compare the DSC 
obtained Tgs of the ILG with empirically derived Tgs.  By knowing Tg of the polymer 
network, the Tg of pure [EMIM][EtSO4], and respective mass fractions within the gel, the 
following form of the Fox equation is employed with ensuing comparison.  Equation 5.5 
is the Fox equation where w[EMIM][EtSO4] and wpolymernetwork are the mass fraction of 
[EMIM][EtSO4] and the polymer network, respectively, and Tg,ILG, Tg,[EMIM][EtSO4], and 
Tg,polymernetwork are the glass transition temperature of the ILG, [EMIM][EtSO4], and the 
polymer network.  The Tgs of the polymer networks for the ILG is obtained from the dry 
polymer network DSC analysis while the Tg of [EMIM][EtSO4] is acquired from reported 
literature values as -79.35°C, which is an average value of the reported data [59-60]. 
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 Moreover, a method for predicting the Tg of a polymer system from first 
principles is even more powerful and can provide advantageous knowledge into the world 
of polymer chemistry and physics.  In the literature, the attempt to predict the Tg of a 
polymer system has been referred to as group contribution theory estimation of the Tg.  
Two well known methods have been developed by van Krevelen and Bicerano [61-62].  
A new proposed method to calculate the Tg of a polymer system based on group 
contribution theory has been developed by Camacho-Zuñiga and Ruiz-Treviño whereby 
equation 5.6 is employed along with reported literature Tg values of the main chains and 
side chains [63].  In equation 5.6, Tg and M represent the glass transition temperature and 
the molecular weight of the repeating unit in the polymer.  Stated in the article, 
“[equation 5.6] assumes the contribution of each chemical group present in the structure 
of a polymer depends…on [local molecular] position” [63].  Therefore, “the product 
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(TgM)i is the contribution of every group located in the main chain of the polymer, 
whereas  (TgM)j is the contribution of every group located in the side groups or chains” 
[63]. 
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 Equation 5.6 was utilized in this study to theoretically calculate the Tgs of 
poly(AMPS) and poly(MBA).  Poly(AMPS) and poly(MBA) are calculated to be 339.47 
K (66.32°C) and 384.30 K (111.15°C), respectively, taking note that the (TgM)j value for 
the sulfur with two π-σ bonded oxygen side group of poly(AMPS) is the reported (TgM)i 
or main chain value.  These calculated values are then inserted into equation 5.3, which in 
turn is inserted into equation 5.5 in order to calculate the Tg of the ILG.  Thus, this 
approach utilizes a new group contribution scheme and a widely employed empirical 
model to theoretically calculate the Tg of the ILG from a molecular point of view.  
Interesting to note is that the Tg,AMPS found using the DSC for non-phase separated gels is 
very similar to the Tg,AMPS calculated by the group contribution theory but still lower than 
the reported Tg of poly(AMPS).  An additional note, the article by Camacho-Zuñiga and 
Ruiz-Treviño not only applies a new group contribution scheme to estimate the Tg for 
polymers but also for diluents.  However, the table of group contribution values within 
the article does not contain values for the imidazolium or sulfate part of [EMIM][EtSO4].  
Therefore, the values of the Tg for [EMIM][EtSO4] reported in the literature is employed 
in this part of the analysis. 
 Table 5.4 tabulates the Tgs for a representative group of ILG formulations for the 
three methods used.  As seen in Table 5.4, Tgs obtained using the Fox equation and group 
contribution methods are higher than those obtained by direct measurement.  The Tgs 
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obtained by the Fox equation and group contribution theory are close to each other due to 
the fact that both models utilize the Fox equation in determining the Tgs of the ILG 
formulations.  Additionally, the relative standard deviation among the Tgs, in general, 
decreases with increasing mass fraction of [EMIM][EtSO4].  This confirms that the Tgs of 
the gels are dominated by the concentration of [EMIM][EtSO4] present in the system. 
A possible explanation as to why both fail to predict the Tgs of the ILG is that 
both models do not take into account the ionic character of the mono-functional 
monomer, AMPS, and the polar solvent, [EMIM][EtSO4].  The ionic interactions 
between the AMPS of the cross-linked polymer network and the solvent can potentially 
influence the physical characteristics of the gels and the behavior of the gels when 
subjected to physical property tests.  Moreover, the ionic interactions between the AMPS 
and [EMIM][EtSO4] during cure may form ionic aggregates which could explain the 
difference between the direct measurements and models.  The ionic groups of the 
[EMIM][EtSO4] may shield the interactions between the sulfonic acid groups of the 
polymer reducing “ionic cross-links” and thus the Tg.  As mentioned in chapter 2, the 
formation of ionic aggregates or ionic clusters during polymerization is considered 
plausible with investigation of this phenomenon considered outside the scope of this 
thesis but highly recommended as future work. 
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Table 5.4. Comparison of the experimentally, empirically, and theoretically obtained Tgs 
of a representative group of ILG with associated standard deviations. 
 
Ternary Plot # yPolymer Network y[EMIM][EtSO4]
Measured                
Tg, ILG (°C)
Fox                      
Tg, ILG (°C)
Group Contribution                   
Tg, ILG (°C)
St.Dev. (%)
2 0.317 0.683 -68.93 -43.33 -47.74 -25.67
3 0.312 0.688 -70.51 -41.02 -47.83 -29.06
5 0.255 0.745 -69.94 -50.24 -54.45 -17.82
6 0.207 0.793 -70.69 -59.02 -60.05 -10.21
8 0.200 0.800 -70.17 -58.17 -60.54 -10.10
9 0.201 0.799 -75.93 -55.29 -59.61 -17.11
11 0.190 0.810 -74.97 -57.06 -61.07 -14.60
13 0.146 0.854 -74.96 -62.51 -65.38 -9.64
14 0.098 0.902 -72.67 -69.45 -70.53 -2.31  
 
 
 
5.4.2   Elastic Modulus in Compression 
 
 
Figure 5.13 is a demonstrative graph of the compressive stress versus strain 
curves for the ILG.  As seen in Figure 5.13, an initial settling period or induction period 
occurs for each sample.  This settling period corresponds to contact firming between the 
gel and the platens.  Immediately following the induction period, typically below 10 
percent strain for the ILG, the slope of the compressive stress-strain curve is considered 
the elastic modulus in compression (EC) and follows Hooke’s law. 
Figure 5.14 thru Figure 5.16 are representative graphs of the compressive stress 
versus strain curves of an ILG obtained via servo-hydraulic mechanical testing in 
compression mode.  Figure 5.14 thru Figure 5.16 are for DOE ILG formulation #2.  As 
seen in these figures, the slope of the curves, the EC, of the gel specimens range from 
3309 to 3611 kPa with each regression coefficient approximately equal to unity.  
Moreover, the x-axes in Figure 5.14 thru Figure 5.16 are different from that of Figure 
5.13.  In these figures, the x-axes is entitled “adjusted compressive strain” as opposed to 
just “compressive strain.”  In order to calculate the slope of the elastic region of the 
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compressive stress-strain curves, the x-axis was adjusted such that the linear fit would 
only capture the elastic portion of the curve.  Since compressive strain is a difference 
function with respect to the elongation, in this case the compression, of the specimens, 
the altering of the absolute, raw data values of the x-axis does not modify the 
compressive strain results or the calculated EC. 
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Figure 5.13. A typical graph of the compressive σ versus ε where the slope of the curve 
immediately after the settling period is taken as the elastic modulus in compression (EC). 
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Figure 5.14. Graph of compressive σ versus adjusted ε with EC result 
specimen 1 of DOE ILG formulation #2. 
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Figure 5.15. Graph of compressive σ versus adjusted ε with EC result 
specimen 2 of DOE ILG formulation #2. 
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Figure 5.16. Graph of compressive σ versus adjusted ε with EC result 
specimen 3 of DOE ILG formulation #2. 
 
 
 
Three cylindrically shaped specimens of each ILG formulation were tested.  The 
average EC for each formulation with associated standard deviation is tabulated in Table 
5.5.  Table 5.5 is similar to Table 4.2 but includes the EC results with standard deviations 
instead of the Tg or the phase separation results.  Like the previous tables, the 
formulations that exhibited phase separation are highlighted in red.  The ECs of the ILG 
are found to be between 10 and 11,400 kPa with a relative standard deviation range 
between ± 0.0 percent and ± 25.9 percent. 
DOE ILG formulation # 14 contains a range for the average EC due to the 
difficulty in obtaining accurate results for a relatively soft gel while utilizing a load cell 
capable of measuring up to 1.0 kN.  In essence, the compressive stress-strain 
measurements for this gel were within the standard error of the load cell, which resulted 
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in poor data with very low squared regressions.  However, from the acquired data, 
confidence level in stating that the EC of ILG formulation is less than 10 kPa is high. 
For the compressive stress-strain curves of DOE ILG formulations 1, 3-13 as well 
as tabulated results of the EC for each specimen, refer to the table and figures in 
Appendix G. 
 
 
Table 5.5. ILG chemical formulations for the modified DOE with Instron acquired EC 
results; red highlighted formulations indicate phase separation during polymerization. 
 
Ternary Plot # xAMPS xMBA x[EMIM][EtSO4] xMBA/xAMPS y[EMIM][EtSO4] Avg. EC (kPa) St.Dev. (%)
1 0.257 0.093 0.650 0.363 0.684 10902 10.6
2 0.263 0.088 0.650 0.333 0.683 3424 4.8
3 0.225 0.125 0.650 0.556 0.688 11346 25.9
4 0.233 0.030 0.738 0.129 0.760 23 4.5
5 0.195 0.093 0.713 0.474 0.745 4036 20.7
6 0.191 0.038 0.771 0.199 0.793 46 2.7
7 0.188 0.038 0.775 0.200 0.803 240 21.6
8 0.165 0.060 0.775 0.364 0.800 432 12.8
9 0.113 0.125 0.763 1.111 0.799 4356 6.7
10 0.107 0.118 0.775 1.101 0.803 3290 7.0
11 0.123 0.098 0.779 0.797 0.810 6182 14.2
12 0.128 0.047 0.825 0.364 0.846 203 4.7
13 0.083 0.093 0.825 1.121 0.854 3992 12.2
14 0.083 0.030 0.888 0.364 0.902 ≤ 10 0.0
15 0.022 0.097 0.882 4.500 0.908 x x
16 0.022 0.034 0.944 1.593 0.955 x x  
 
 
 
 In Figure 5.17 and Figure 5.18, error bars associated with the relative standard 
deviation of the reported EC values is not included in the graphs due to limitations of the 
applied graphing software. 
Figure 5.17 is a graph of the EC as a function of the mass fraction of 
[EMIM][EtSO4] and the MBA to AMPS mole fraction ratio.  In Figure 5.17, the ECs of 
the ILG show a general increasing trend with increasing MBA to AMPS mole fraction 
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ratio, up to a value of 0.8, and a decreasing trend with increasing mass fraction of 
[EMIM][EtSO4].  Moreover, Figure 5.17 demonstrates a similar phenomenon to the Tg 
behavior with respect to the ILG that exhibited phase separation during polymerization.  
As the mole fraction to MBA to AMPS ratio exceeds 0.8, EC increases significantly.  The 
increase in modulus upon phase separation is more pronounced because these systems 
expel RTIL. 
Figure 5.18 is a repeat of Figure 5.17 but excludes the four phase separated ILG 
that are beyond the MBA to AMPS mole faction ratio of 0.8.  With the truncation of the 
MBA to AMPS mole fraction ratio axis and a different viewing angle of the three-
dimensional graph, the general trends of increasing EC with increasing MBA to AMPS 
mole fraction ratio and decreasing EC with increasing mass fraction of [EMIM][EtSO4] is 
more apparent. 
 Figure 5.18 correlates well with expected monomer, cross-linking agent, and 
solvent interactions as well as anticipated effect on mechanical behavior.  For instance, 
[EMIM][EtSO4] acts as both a solvent during polymerization and as a plasticizer during 
characterization.  Keeping all other factors constant, increasing the amount of plasticizer 
present causes the ILG to become less rigid at room temperature, essentially swelling the 
polymer network; thus, lowering the EC of the gels.  This phenomenon is shown in Figure 
5.19.  Figure 5.19 is a graph of the EC versus the mass fraction of [EMIM][EtSO4] with 
the MBA to AMPS mole fraction ratio held constant at 0.36.  As seen in Figure 5.19, as 
the mass fraction of [EMIM][EtSO4] increases within the ILG, the EC decreases 
significantly.  For future physical property analysis, synthesis and testing of additional 
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formulations with a variety of mass fractions of [EMIM][EtSO4] with the same cross-
linker to monomer mole fraction ratio held constant is recommended. 
 Furthermore, AMPS, a mono-functional monomer, polymerizes to form the 
majority of the polymer network backbone.  If the mole fraction of AMPS increases, 
keeping all other factors constant, the spacing between cross-linking, MBA, bonds 
increases, which possible conformations, thereby, decreasing EC.  This phenomenon is 
shown in Figure 5.20.  Figure 5.20 is a graph of the EC versus the MBA to AMPS mole 
fraction ratio with the mass fraction of [EMIM][EtSO4] held constant at 0.80.  As seen in 
Figure 5.20, as the MBA to AMPS mole fraction ratio increases, the EC increases 
significantly.  However, referring to Figure 5.17 and Table 5.5, the EC of the gels is 
observed to have a maximum value of about 11,400 kPA at lower [EMIM][EtSO4] mass 
fractions, which is considerably higher than the maximum EC in Figure 5.20.  Recalling 
that phase separation during polymerization occurred in ILG formulations with a MBA to 
AMPS mole fraction ratio greater than or equal to 0.8, synthesis and testing of additional 
formulations, with a variety of MBA to AMPS mole fraction ratios at or below 0.8 with 
the same mass fraction of [EMIM][EtSO4] held constant, is recommended in order to 
fully understand the relationship of the EC with respect to the MBA to AMPS mole 
fraction ratio. 
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Figure 5.17. Graph of Instron acquired EC versus the mass fraction of 
[EMIM][EtSO4] and the MBA to AMPS mole fraction ratio. 
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Figure 5.18. Graph of Instron acquired EC versus the mass fraction of 
[EMIM][EtSO4] and the MBA to AMPS mole fraction ratio excluding phase 
separated gels. 
Phase Separated ILG 
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Figure 5.19. Graph of EC versus mass fraction of [EMIM][EtSO4] where the MBA to 
AMPS mole fraction ratio is held constant at 0.36. 
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Figure 5.20. Graph of EC versus the MBA to AMPS mole fraction ratio where the mass 
fraction of [EMIM][EtSO4] is held constant at 0.80. 
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 The elastic modulus in compression values tabulated in Table 5.5 can be used 
with equation 5.6 to calculate the molecular weight between cross-links, MC [1].  In 
equation 5.6, ρ is the density of the ILG, R is the universal gas constant, T is the 
temperature, ν2 is the volume fraction of polymer in the gel, EC is the elastic modulus in 
compression, and the ri
2
/ro
2
 is the front factor and is assumed to be equal to unity.  The 
density of the ILG is estimated to be about 1.2 g cm
-3
, with the gas constant and 
temperature equal to 8.314 Pa m
3
 mol
-1
 K
-1
 and 298 K, respectively.  The density of the 
polymer network is assumed to be approximately equal to the density of the 
[EMIM][EtSO4]; therefore, the mass fraction of polymer is equal to the volume fraction 
of the polymer in the gels. 
2
231
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−
≅
νρ
         (5.6) 
 The MC for each formulation is tabulated in Table 5.6 where the standard 
deviation associated with the elastic modulus in compression also applies to the 
molecular weight between cross-links values.  In the table, yPolymer Network is equivalent to 
ν2 due to the density assumption.  Figure 5.21 is a graph of the logarithmic of the 
molecular weight between cross-links versus the MBA to AMPS mole fraction ratio.  As 
shown in Figure 5.21, as the MBA to AMPS mole fraction ratio increases the molecular 
weight between cross-links decreases.  Only the formulations that exhibited no phase 
separation during polymerization are graphed in Figure 5.21. 
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Table 5.6. ILG chemical formulations for the modified DOE with MC & EC results; red 
highlighted formulations indicate phase separation during polymerization. 
 
Ternary Plot # y[EMIM][EtSO4] yPolymer Network xMBA/xAMPS Avg. EC (kPa) St.Dev. (%) MC (g mol
-1
)
1 0.684 0.316 0.363 10902 10.6 5.57E+02
2 0.683 0.317 0.333 3424 4.8 1.78E+03
3 0.688 0.312 0.556 11346 25.9 5.33E+02
4 0.760 0.240 0.129 23 4.5 2.37E+05
5 0.745 0.255 0.474 4036 20.7 1.40E+03
6 0.793 0.207 0.199 46 2.7 1.14E+05
7 0.803 0.197 0.200 240 21.6 2.16E+04
8 0.800 0.200 0.364 432 12.8 1.21E+04
9 0.799 0.201 1.111 4356 6.7 1.20E+03
10 0.803 0.197 1.101 3290 7.0 1.58E+03
11 0.810 0.190 0.797 6182 14.2 8.29E+02
12 0.846 0.154 0.364 203 4.7 2.36E+04
13 0.854 0.146 1.121 3992 12.2 1.18E+03
14 0.902 0.098 0.364 ≤ 10 0 4.11E+05
15 0.908 0.092 4.500 x x x
16 0.955 0.045 1.593 x x x  
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Figure 5.21. Graph of the logarithmic of the molecular weight between 
cross-links versus the MBA to AMPS mole fraction ratio. 
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As mentioned in chapter 1, the elastic modulus of soft tissue varies from 25 to 300 
kPa while the elastic modulus of ballistic gelatin has been shown to be between 100-150 
kPa [5-7].  In this chapter, the EC of ILG is shown to be between 10 and 11,400 kPa.  
Also stated in chapter 1, one of the focal points of this study is to produce a polymer-
based synthetic tissue surrogate that is capable of being tailored such that the elastic 
modulus of the surrogate falls within the range of both soft tissue and ballistic gelatin.  
The results confirm that the ILG can be tailored to produce a surrogate that has an elastic 
modulus that is within the aforementioned range.  Therefore, as far as the elastic modulus 
is concerned, these gels show potential to be suitable candidates for tissue surrogates in 
ballistic testing. 
 
 
5.4.3   Gravimetric Stability 
 
 
5.4.3.1   Relative Humidity Results and Discussion 
 
 
 The ILG formulation # 6, which demonstrated a similar EC as moderately flexible, 
soft tissue and ballistic gelatin, was utilized in the relative humidity gravimetric 
comparison with ballistic gelatin (BG).  The BG was synthesized according to the 
materials and procedure outlined in chapter 2.  Figure 5.22 shows a plot of mass change 
versus time for ILG and BG as a function of relative humidity. Three samples of ILG and 
BG were tested at each relative humidity and the average mass change values are plotted.  
These data have a relative standard deviation range between ± 0 percent and ± 3.3 
percent, not shown in Figure 5.22.  From the plot, ILG swell more and more rapidly as 
the relative humidity increases.  After 160 hours, all samples appear to have reached 
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equilibrium uptake values.  These values are dependent on atmospheric water partial 
pressure.  The equilibrium uptake is a result of the hydrophilic nature of [EMIM][EtSO4] 
and AMPS as well as elastic properties of the cross-linked network. 
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Figure 5.22: Plot of mass change versus time for ILG and BG with (●) at 
30% relative humidity (RT), (●) at 60% RT, (●) at 90% RT, for ILG and 
(●) at 30% RT, (●) at 60% RT, and (●) at 90% RT, for BG. 
 
 
 
 The behavior of BG is in striking contrast to that of the ILG.  BG loses moisture 
quickly reaching apparent equilibrium after 50 hours.  The final loss of water mass in 
these systems depends on atmospheric water partial pressures and, as expected, the more 
humid the air the less water is removed from BG at equilibrium.  The BG is destroyed 
when dried in this manner.  On the other hand, even though ILG absorb atmospheric 
water vapor, there is potential to repeatedly dry out and reuse the gels as long as the 
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cross-linked polymer network remains intact.  However, this possibility would not be 
useful for the tissue surrogate applications since the ILG would most likely be destroyed 
after ballistic impact.  This possibility would be useful in other applications, some of 
which are mentioned in chapter 6. 
 Tabulated results of the raw data measurements and the mass change of the ILG 
and BG in percents are given in Appendix H. 
 To obtain a comprehensive understanding of the behavior of the whole field of 
ILG at typical laboratory environmental conditions as well as the potential to reuse the 
gels, a complete gravimetric study at 25°C with varying relative humidities is 
recommended to complement this preliminary analysis. 
 
5.4.3.2   [EMIM][EtSO4] Environment Results and Discussion 
 
 
 As mentioned in section 5.3.1, the ILG were exposed to a saturated 
[EMIM][EtSO4] environment at 60°C in an inert atmospheric.  The purpose of this study 
was to obtain insight into the swelling behavior of the ILG as well as gel stability in 
excess plasticizing agent.  The experiments were conducted at an elevated temperature to 
shorten the studies duration.  Moreover, these gravimetric tests assume that 
[EMIM][EtSO4] is the only component being transferred, that the ILG area complete 
cross-linked polymer network, and that the presence of atmospheric water vapor is 
negligible.  Figure 5.23 depicts a graph of the mass uptake of the ILG versus the square 
root of time.  As seen in Figure 5.23, the mass uptake of [EMIM][EtSO4] increases with 
increasing MBA.  An increase MBA shortens the molecular weight between cross-links 
in the polymer network.  Shortening the molecular weight between cross-links causes the 
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polymer network chains to have reduced conformational states.  This limitation resists the 
swelling ability of the polymer network that is already swelled to an extent, or 
encapsulated, in [EMIM][EtSO4].  Therefore, additional solvent uptake is limited by the 
mole fraction of MBA present in the gels.  Also, seen in Figure 5.23, is a solid blue line 
that represents zero percent mass uptake.  Most of the ILG increased in mass; however, 
some of the gels leeched out [EMIM][EtSO4].  This phenomenon is discussed further as 
part of the discussion of Figure 5.25. 
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Figure 5.23. Graph of the mass uptake in percentages versus the square 
root of time for a sample of ILG formulations. 
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 As seen in Figure 5.24, the equilibrium swelling of the ILG in [EMIM][EtSO4] is 
inversely proportional to the cross-linker to monomer mole fraction ratio.  Focusing on 
the data points that are greater than 0.8 MBA to AMPS mole fraction ratio and recalling 
that gels with a MBA to AMPS mole fraction ratio greater than 0.8 exhibited phase 
separation during polymerization, shows that in this range of composition, solvent uptake 
does not vary as much and that, in fact, slight loss of [EMIM][EtSO4] is observed with 
greater loss occurring at higher MBA to AMPS mole fraction ratios. 
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Figure 5.24. Graph of mass change in percents of [EMIM][EtSO4] relative 
to initial mass fraction of [EMIM][EtSO4] prior to gravimetric testing 
versus the MBA to AMPS mole fraction ratio. 
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 This behavior can be further illustrated using the ternary diagram of Figure 4.6 
and applying vectors that depict the magnitude and direction of [EMIM][EtSO4] swelling 
for the group of ILG that were tested.  Also included in the ternary plot is a black, dashed 
line that separates the ILG that swelled in [EMIM][EtSO4] from those that leeched 
[EMIM][EtSO4] upon solvent saturation.  The ILG 9-11, 13, and 15-16, referring to 
Table 4.2, are the gels that exhibited phase separation during polymerization.  As seen in 
Figure 5.25, ILG 9-11, 13, and 15-16 all leeched [EMIM][EtSO4] upon solvent saturation 
and are related to the data points that are below zero percent mass change in Figure 5.23 
and Figure 5.24.  Leeching of [EMIM][EtSO4] during solvent saturation rather than 
absorption is related to a MBA to AMPS mole fraction ratio close to or greater than 1.0.  
Having a cross-linker to monomer mole fraction ratio close to or greater than 1.0 signifies 
that for every molecule of AMPS that constructs the polymer network a molecule or 
multiple molecules of MBA construct the polymer network.  Therefore, the molecular 
weight between cross-links approaches one monomer unit or less, which produces a stiff, 
tightly packed cross-linked polymer network.  This results in a severe reduction of 
molecular conformations and an increase in gel stiffness, which limits solvent uptake. 
Upon exposure to excess [EMIM][EtSO4] at 60°C, time is given for the non-
equilibrium structures formed during reaction to equilibrate, specifically the gels that 
exhibited no phase separation during polymerization.  The gels that exhibited swelling 
were synthesized with less than the equilibrium amounts of [EMIM][EtSO4].  Therefore, 
these gels swell upon exposure to the [EMIM][EtSO4] bath at 60°C. 
Tabulated results of the raw data measurements and the mass change of the ILG 
in percents are given in Appendix H. 
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Figure 5.25. Magnified AMPS:MBA:[EMIM][EtSO4] ternary plot with modified DOE 
results where the original DOE results, preliminary formulations, relatively high MBA to 
AMPS mole fraction formulas, and constant component formulas are represented as ●, ●, 
●, and ●, respectively; red arrows are vectors representing the equilibrium 
[EMIM][EtSO4] shift and the dashed line separates formulations that increased in mass 
from those that decreased. 
 
 
 
 Assuming that the final measured weights found in Appendix H represent the 
equilibrium swelling behavior for each, the interaction parameter, χ, can be calculated 
using a rearranged form of the Bray and Merrill equation, equation 5.7, along with the 
molecular weight between cross-links values reported in Table 5.6 [66-67].  In equation 
5.7, φ2s is the volume fraction of polymer in the swollen gel at equilibrium, φ2r is the 
volume fraction of polymer in the relaxed or before exposure to excess [EMIM][EtSO4] 
gel, MC is the molecular weight between cross-links, νsp is the specific volume of the 
polymer network, and V1 is the molar volume of the solvent.  The specific volume of the 
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polymer network was assumed to be 0.909 cm
3
 g
-1
 and the molar volume of 
[EMIM][EtSO4] was calculated to be 190.56 cm
3
 mol
-1
.  Since the densities of the 
[EMIM][EtSO4] and the polymer network are very similar, the mass fraction of the 
polymer network is assumed to be equal to the volume fraction of the polymer network in 
the ILG. 
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 The interaction parameter along with the molecular weight between cross-links 
and the volume fraction of polymer in the swollen gel at equilibrium are tabulated for 
each ILG formulation in Table 5.7.  ILG formulations 1, 7, 10, and 12 contain no results 
due to time limitations.  ILG formulations 15-16 contain no results due to the brittleness 
of the samples.  Figure 5.26 is a graph of the interaction parameter versus the MBA to 
AMPS mole fraction ratio.  As seen in Figure 5.26, the interaction parameter ranges from 
0.50 to 1.4 and increases with increasing MBA to AMPS mole fraction ratio.  Only the 
formulations that exhibited no phase separation during polymerization are graphed in 
Figure 5.26. 
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Table 5.7. ILG chemical formulations for the modified DOE with MC & χ results; red 
highlighted formulations indicate phase separation during polymerization. 
 
Ternary Plot # y[EMIM][EtSO4] yPolymer Network xMBA/xAMPS Mc (g mol
-1
) φ2s χ
1 0.684 0.316 0.363 5.57E+02 x x
2 0.683 0.317 0.333 1.78E+03 0.237 0.953
3 0.688 0.312 0.556 5.33E+02 0.286 1.390
4 0.760 0.240 0.129 2.37E+05 0.090 0.546
5 0.745 0.255 0.474 1.40E+03 0.225 0.981
6 0.793 0.207 0.199 1.14E+05 0.091 0.557
7 0.803 0.197 0.200 2.16E+04 x x
8 0.800 0.200 0.364 1.21E+04 0.159 0.633
9 0.799 0.201 1.111 1.20E+03 0.199 1.022
10 0.803 0.197 1.101 1.58E+03 x x
11 0.810 0.190 0.797 8.29E+02 0.186 1.269
12 0.846 0.154 0.364 2.36E+04 x x
13 0.854 0.146 1.121 1.18E+03 0.147 1.155
14 0.902 0.098 0.364 4.11E+05 0.064 0.529
15 0.908 0.092 4.500 x x x
16 0.955 0.045 1.593 x x x  
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Figure 5.26. Graph of the χ versus the MBA to AMPS mole fraction ratio. 
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5.4.4   Conductivity 
 
 
 As mentioned in section 5.1.4, by determining the electrical conductivity of the 
ILG, one is able to gain insight into the usefulness of these materials not only as a tissue 
surrogate but also for other applications such as actuators, and membranes for fuel cell 
and separation applications.  Before measuring the resistivity of the ILG, the gels were 
stored in a room-temperature oven under vacuum with vacuum pump continuously 
running for a couple of days in order to remove absorbed atmospheric water vapor within 
the specimens.  Consequently, during the conductivity tests, the ILG are assumed to be 
dry and void of water.  Thus, the presence of water is assumed to be negligible.  Table 5.8 
is an extension of Table 4.2 where the conductivity for each ILG is included.  As noted in 
the DMA analysis of the ILG, ILG formulations 9-11 and 13 exhibited phase separation 
during polymerization and the conducting could be measured.  However, because of the 
physical characteristics of ILG formulations 4, and 15-16, it was not possible to obtain 
reliable conductivity measurements.  However, the ILG that provided results are 
considered a representative group of the gels. 
 Appendix I contains tabulated results of raw data measurements for the individual 
specimen resistivities, specimen dimensions, and resulting calculated conductivities. 
 Figure 5.27 is a graph of the conductivity of the ILG versus the mass fraction of 
[EMIM][EtSO4] and the MBA to AMPS mole fraction ratio.  Included in Figure 5.27 is 
the reported conductivity of pure [EMIM][EtSO4] [25].  The conductivity of pure 
[EMIM][EtSO4] is represented as a black data point in order to set this reported 
measurement apart from the conductivity of the ILG.  Generally, as the mass fraction of 
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[EMIM][EtSO4] increases and the MBA to AMPS mole fraction ratio decreases, the 
conductivity of the ILG increases towards the value of pure [EMIM][EtSO4]. 
In order to better understand the dependence of the conductivity of the ILG on the 
individual components within the gel system, Figure 5.28 is a graph of the conductivity 
of the gels versus the mass fraction of [EMIM][EtSO4] where the MBA to AMPS mole 
fraction ratio is held constant.  As seen in Figure 5.28, the conductivity increases 
exponentially as the mass fraction of [EMIM][EtSO4] increases within the gel.  This 
confirms the general trend observed in Figure 5.27. 
 Synthesis and testing of additional formulations with a variety of mass fractions 
of [EMIM][EtSO4] with the same MBA to AMPS mole fraction ratio held constant is 
recommended.  These further tests are recommended in order to comprehensively 
understand the relationship of the conductivity of the ILG with respect to the gel 
compositions. 
 This information is interesting and useful, however, a higher conductivity, 
presumably proton conductivity, results when a similar system is swollen in water [65].  
This polymer system uses AMPS and a vinyl ester resin based on a catalyzed 
methacrylated 4,4’ diglycidyl ether of bisphenol A, instead of MBA, as the cross-linking 
agent.  Rahmathullah has reported conductivities in the range of 0.001 S cm
-1
 and 0.027 S 
cm
-1
, which has a considerably higher maximum than the conductivities for ILG [65].  
Also, the ILG show lower conductivity than pure, dry [EMIM][EtSO4].  The dry 
[EMIM][EtSO4] appears to limit the conductivity of the polymer network suggesting that 
proton conductivity is curtailed by the RTIL.  Therefore, this analysis shows that the ILG 
may have a limited application with respect to high temperature fuel cells since these fuel 
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cells need a relatively high proton conductive membrane.  However, the use of these gels 
as actuators or separation membranes may still be viable. 
 
 
 
 
 
 
 
 
 
Table 5.8. ILG chemical formulations for the modified DOE with conductivity results; 
red highlighted formulations indicate phase separation during polymerization. 
 
Ternary      
Plot #
xAMPS xMBA x[EMIM][EtSO4] xMBA/xAMPS y[EMIM][EtSO4]
Average            
Conductivity (S cm
-1
)
St.Dev. (%)
1 0.257 0.093 0.650 0.363 0.684 5.19E-04 4.5
2 0.263 0.088 0.650 0.333 0.683 3.32E-04 9.2
3 0.225 0.125 0.650 0.556 0.688 2.58E-04 6.4
4 0.233 0.030 0.738 0.129 0.760 x x
5 0.195 0.093 0.713 0.474 0.745 5.91E-04 0.7
6 0.191 0.038 0.771 0.199 0.793 5.48E-04 7.9
7 0.188 0.038 0.775 0.200 0.803 1.79E-03 3.8
8 0.165 0.060 0.775 0.364 0.800 5.11E-04 3.4
9 0.113 0.125 0.763 1.111 0.799 3.80E-04 9.7
10 0.107 0.118 0.775 1.101 0.803 1.09E-03 16.2
11 0.123 0.098 0.779 0.797 0.810 8.51E-04 15.4
12 0.128 0.047 0.825 0.364 0.846 2.14E-03 12.7
13 0.083 0.093 0.825 1.121 0.854 1.39E-03 2.2
14 0.083 0.030 0.888 0.364 0.902 1.19E-03 0.0
15 0.022 0.097 0.882 4.500 0.908 x x
16 0.022 0.034 0.944 1.593 0.955 x x  
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Figure 5.27. Graph of conductivity versus the mass fraction of [EMIM][EtSO4] 
and the MBA to AMPS mole fraction ratio with conductivity of pure 
[EMIM][EtSO4] indicated by the black (●) data point. 
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Figure 5.28. Graph of conductivity versus mass fraction of [EMIM][EtSO4] where the 
MBA to AMPS mole fraction ratio is held constant at 0.36. 
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Chapter 6: Conclusions and Recommendations for Future Work 
 
 
 
6.1   Conclusions 
 
 
 This master’s study was conducted in order to gain valuable insight into the use of 
room-temperature ionic liquids as a solvent medium for polymerizations and insight 
regarding physical properties of the synthesized gels.  Chapters 2 thru 4 were dedicated to 
describing the synthesis of room temperature ionic liquid gels (ILG) while Chapter 5 was 
dedicated to gel physical property characterization. 
 Chapter 2 presented the synthesis of ILG with a brief description of the synthesis 
of ballistic gelatin (BG).  BG was used for direct environmental gravimetric comparison 
with the initially produced ILG for preliminary analysis.  This gravimetric analysis was 
presented in chapter 5.  The goal of this part of the study was to determine a robust, 
reproducible procedure for synthesizing ILG.  The chapter began with background 
information regarding the link between polyamide-based hydrogels and ILG.  The 
chapter then described the chemicals utilized in this study, meticulously outlined the 
synthesis procedure, and, lastly, illustrated the results for the initial ILG created. 
 Chapter 3 presented a cure kinetics study of the ILG.  The objective of this 
portion of the study was to determine quantitatively whether total conversion of monomer 
carbon-carbon double bonds to polymer single bonds was achieved.  By ensuring 
complete conversion, polymer synthesis became robust and reproducible with the ability 
to eliminate batch-to-batch variations and to apply trustworthy synthesis procedures to 
different formulations.  Moreover, by ensuring complete conversion, tailoring of the ILG 
to achieve specified physical properties is possible.  The chapter began with background 
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information regarding a Fourier transform infrared spectroscopy technique for monitoring 
polymer curing.  The chapter continued with a description of the materials and equipment 
used to conduct the cure experiments.  The chapter ended with an illustration and 
discussion of the results. 
 Chapter 4 presented a solubility study, design of experiment (DOE), and 
implementation of a DOE.  The goal of this part of the study was to determine the 
acrylamide-based monomer solubility window in [EMIM][EtSO4] that is directly related 
to the synthesis technique given in chapter 2.  Furthermore, after establishing the 
solubility window and following a statistical design of experiment, the goal of this study 
was to produce ILG of different formulations that span the range of possible physical 
properties of the gels.  The chapter began with background information regarding 
monomer solubility in room temperature ionic liquids and a description of the statistical 
design of experiment with subsequent implementation.  The chapter continued with a 
discussion of the materials, procedures, and software utilized to conduct these 
experiments. The chapter ended with a discussion of the results of the solubility 
experiments and DOE.  The ILG synthesized in this chapter were subjected to the 
physical property experiments discussed in chapter 5. 
 Chapter 5 presented the physical property characterization studies of ILG.  The 
objective of this portion of the study was to determine the physical property range of the 
gels and to compare the gels to BG and soft tissue.  The chapter began with background 
information that described the physical properties desired and the techniques used for 
property attainment.  The five physical property studied include: glass transition 
temperature, elastic modulus in compression, the gravimetric absorption of ionic liquid, 
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the gravimetric absorption of atmospheric water vapor, and conductivity of the ILG.  The 
chapter continued with a description of the procedures used to conduct the studies and 
ended with an illustration and discussion of the results. 
 Some general conclusions can be reported. First, the cure kinetics of the ILG has 
demonstrated that complete conversion of monomeric carbon-carbon double bonds to 
carbon-carbon single bonds of a cross-linked polymer network is achieved in 
approximately 6 hours at 65°C in an inert atmosphere with an free radical initiator 
concentration of one mole of PPS per 35 moles of carbon-carbon double bonds prior to 
curing.  Second, the monomer solubility window in [EMIM][EtSO4] is limited to a 
maximum mole fractions of AMPS and MBA in an ILG of 0.30 and 0.125, respectively.  
Moreover, after curing of a set of ILG formulations, that were chosen based on a 
modified version of a three component statistical design of experiment, gels with a MBA 
to AMPS mole fraction ratio greater than 0.80 exhibited phase separation during 
polymerization.  This phase separation during cure reduced the area of the monomer 
solubility window in [EMIM][EtSO4] that is capable of producing homogeneous ILG. 
Lastly, the physical property characterizations have demonstrated that the glass 
transition temperature of the gels is dominated by the mass fraction of [EMIM][EtSO4] 
and that the gels are rubbery at room temperature.  Moreover, the results from the Fox 
equation, either coupled with experimentally obtained glass transition temperatures of the 
dried polymer networks or coupled with group contribution theory, deviated significantly 
from the experimentally determined glass transition temperatures of the gels.  A possible 
explanation for this deviation is the effect of the ionic character of both the mono-
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functional monomer and plasticizer on the glass transition temperatures of the gels.  
Perhaps, shielding of the polymer-polymer interactions occur by the [EMIM][EtSO4]. 
The elastic modulus in compression of the gels was demonstrated between the 
elastic modulus range of both ballistic gelatin and soft tissue.  These results confirm that 
the ILG are viable candidates as surrogates for soft tissue in blunt trauma testing. 
The gravimetric results of the gels have demonstrated that the ILG are 
significantly more stable in typical laboratory environmental conditions than ballistic 
gelatin.  Furthermore, gravimetric analysis in [EMIM][EtSO4] has demonstrated that the 
stability of the gels depends on the initial mass fraction of [EMIM][EtSO4] present in the 
gels prior to additional solvent subjection and on the cross-linker to monomer mole 
fraction ratio as well as the presence or absence of phase separation during 
polymerization. 
The conductivity results have demonstrated that the ILG in fact are conductive 
materials with a slightly higher resistivity than pure [EMIM][EtSO4]. 
 
6.2   Recommendations 
 
 
 With regards to the study of the cure kinetics of the ILG, subjecting a 
representative group of ILG formulations from the modified version of the DOE to ATR-
FTIR spectroscopy cure kinetics analysis at 65°C is recommended in order to confirm 
that indeed complete conversion of monomeric carbon-carbon double bonds to carbon-
carbon single bonds of a cross-linked polymer network encapsulated in a RTIL occurs in 
all formulations.  Subjecting the representative group to other curing temperatures, such 
as 75°C and 90°C, is also recommended.  This study may also provide additional 
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information concerning the phase separation during polymerization phenomenon that 
occurred in formulations with relatively high MBA to AMPS mole fraction ratios.  In 
addition, deconvolution of the vinyl peaks is recommended in order to determine the 
relative reactivities of AMPS and MBA. 
 Concerning the glass transition temperature, elastic modulus in compression, 
environmental gravimetric testing, and conductivity, synthesis and testing of additional 
formulations with a variety of mass fractions of [EMIM][EtSO4] with the same MBA to 
AMPS mole fraction ratio held constant is recommended.  In addition, synthesis and 
testing of additional formulations with a variety of MBA to AMPS mole fraction ratios at 
or below 0.8 with the same mass fraction of [EMIM][EtSO4] held constant is 
recommended.  These further tests are recommended in order to comprehensively 
understand the relationship of these physical properties of the ILG with respect to the gel 
compositions.  Additionally, investigation into the potential of ionic aggregate formation 
during polymerization as well as a more in depth study of the ionic nature of the gels is 
recommended.  A further understanding of the ionic characteristic of the gels may 
provide beneficial insights into curing and physical property behavior.  Furthermore, 
concerning the conductivity of the gels, an investigation into the utilization of the ILG as 
membranes in fuel cells or in separations is recommended. 
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Appendix A: Formula Weight Calculation Example 
 
 
 
 
Table A.1. Component mole fractions of an example ionic liquid gel, in particular, 
component mole fractions for original ILG based on component mole fractions for 
AMPS-MBA based hydrogels that were synthesized by the author during preliminary 
laboratory work. 
 
Chemical Mole Fraction 
AMPS 0.1910 
MBA 0.0380 
[EMIM][EtSO4] 0.7710 
 
 
 
 In order to compliment the verbal description in chapter 2 of the procedure used 
for the synthesis of ILG, the following set of equations outlines the calculations required 
to obtain the formula mass of each component in the ILG, where [C=C] represents 
carbon-carbon double bonds, the ratio of moles of PPS to moles of [C=C] is fixed at 1:35 
or 0.0286 which is based on preliminary hydrogel work by the author, and a scaling 
factor of 40 is used to reduce the gel to a total mass of about six grams. 
 
gramsAMPS
molesAMPS
gramsAMPS
molesAMPS 604.39
00.1
35.207
1910.0 =





   (A.1) 
gramsAMPSgramsAMPS 9901.0
40
1
604.39 =





     (A.2) 
gramsMBA
molesMBA
gramsMBA
molesMBA 859.5
00.1
17.154
0380.0 =





    (A.3) 
gramsMBAgramsMBA 1465.0
40
1
859.5 =





      (A.4) 
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]][[18.182
]][[00.1
]][[29.236
]][[7710.0
4
4
4
4
EtSOEMIMgrams
EtSOEMIMmoles
EtSOEMIMgrams
EtSOEMIMmoles
=






   (A.5) 
]][[5545.4
40
1
]][18.182 44 EtSOEMIMgramsEtSOEMIMgrams =





  (A.6) 
( ) ][266.0038.021910.0 CCmolesmolesMBAmolesAMPS ==+    (A.7) 
molesPPSxmolesPPS
CCmoles
xmolesPPS
0076.0
35
1
][266.0
=⇒=





=
   (A.8) 
gramsPPS
molesPPS
gramsPPS
molesPPS 054.2
00.1
32.270
0076.0 =





    (A.9) 
gramsPPSgramsPPS 0514.0
40
1
054.2 =





      (A.10) 
 
 Table A.2 summarizes the formula mass of each component in an example ionic 
liquid gel with a total mass of 5.75 grams. 
 
Table A.2. Formula masses of an example ionic liquid gel. 
 
Chemical Formula Mass (grams) 
AMPS 0.9901 
MBA 0.1465 
[EMIM][EtSO4] 4.5545 
PPS 0.0514 
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Appendix B: Additional FTIR Spectroscopy Graphs and Tables 
 
 
 
 
 The following graphs and table are additional FTIR spectroscopy information that 
aided in the characterization of unreacted AMPS and MBA monomers, [EMIM][EtSO4], 
unreacted ionic liquid gel solutions, reacted ionic liquid gels (ILG), and of the ILG cure 
kinetics. 
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Figure B.1. Full Mid-IR Spectrum of AMPS monomer via transmission 
FTIR spectroscopy. 
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Figure B.2. Full Mid-IR spectrum of MBA monomer via transmission 
FTIR spectroscopy. 
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Figure B.3. Full Mid-IR spectrum of [EMIM][EtSO4] via ATR-FTIR 
spectroscopy. 
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Figure B.4. Full Mid-IR spectrum of unreacted ionic liquid gel solution 
via ATR-FTIR spectroscopy. 
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Figure B.5. Full Mid-IR spectrum of cured ionic liquid gel via ATR-FTIR 
spectroscopy. 
 
 
141 
 
Table B.1. Run 2 quantitative assessment of the fractional conversion of monomer C=C 
bonds to polymer C-C bonds based on FTIR spectral relative peak heights. 
 
Time (min) C=C (cm
-1
) C=C Height N-H (cm
-1
) Height N-H C-H (cm
-1
) Height C-H α α model α-αmodel
0 1628 0.085 3298 0.044 1452 0.157 0.000 0.000 0.000
25 1628 0.034 3298 0.034 1452 0.174 0.482 0.516 -0.034
50 1628 0.017 3298 0.035 1452 0.183 0.749 0.779 -0.031
100 1628 0.007 3298 0.034 1452 0.192 0.893 0.921 -0.028
150 1628 0.002 3298 0.034 1452 0.197 0.970 0.959 0.010
200 1628 0.000 3298 0.035 1452 0.202 1.000 0.975 0.025
250 1628 0.000 3298 0.037 1452 0.203 1.000 0.983 0.017
300 1628 0.000 3298 0.038 1452 0.210 1.000 0.987 0.013
400 1628 0.000 3298 0.041 1452 0.214 1.000 0.992 0.008
500 1628 0.000 3298 0.041 1452 0.217 1.000 0.995 0.005
600 1628 0.000 3298 0.042 1452 0.219 1.000 0.996 0.004
700 1628 0.000 3298 0.043 1452 0.219 1.000 0.997 0.003
800 1628 0.000 3298 0.042 1452 0.220 1.000 0.998 0.002
900 1628 0.000 3298 0.045 1452 0.220 1.000 0.998 0.002
1000 1628 0.000 3298 0.043 1452 0.222 1.000 0.998 0.002
1200 1628 0.000 3298 0.045 1452 0.222 1.000 0.999 0.001
3298 0.040 k = 0.072
0.000 0.004 m = 0.421
Error 6.66E-05
N-H Average:
N-H STDEV:
 
 
 
 
Table B.2. Run 3 quantitative assessment of the fractional conversion of monomer C=C 
bonds to polymer C-C bonds based on FTIR spectral relative peak heights. 
 
Time (min) C=C (cm
-1
) C=C Height N-H (cm
-1
) Height N-H C-H (cm
-1
) Height C-H α α model α-αmodel
0 1628 0.086 3298 0.044 1452 0.156 0.000 0.000 0.000
25 1628 0.033 3298 0.038 1452 0.171 0.556 0.469 0.086
50 1628 0.019 3298 0.033 1452 0.182 0.705 0.746 -0.040
100 1628 0.008 3298 0.032 1452 0.192 0.872 0.907 -0.034
150 1628 0.006 3298 0.036 1452 0.196 0.915 0.951 -0.037
200 1628 0.003 3298 0.036 1452 0.201 0.957 0.970 -0.012
250 1628 0.002 3298 0.036 1452 0.203 0.972 0.979 -0.008
300 1628 0.000 3298 0.040 1452 0.209 1.000 0.985 0.015
400 1628 0.000 3298 0.038 1452 0.215 1.000 0.991 0.009
500 1628 0.000 3298 0.039 1452 0.219 1.000 0.994 0.006
600 1628 0.000 3298 0.045 1452 0.241 1.000 0.995 0.005
700 1628 0.000 3298 0.047 1452 0.245 1.000 0.996 0.004
800 1628 0.000 3298 0.048 1452 0.240 1.000 0.997 0.003
900 1628 0.000 3298 0.044 1452 0.239 1.000 0.998 0.002
1000 1628 0.000 3298 0.048 1452 0.242 1.000 0.998 0.002
1200 1628 0.000 3298 0.045 1452 0.242 1.000 0.999 0.001
3298 0.041 k = 0.064
0.000 0.005 m = 0.421
Error 6.45E-04
N-H Average:
N-H STDEV:
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Table B.3. Run 1 quantitative assessment of the fractional conversion of monomer C=C 
bonds to polymer C-C bonds based on FTIR spectral relative peak heights for [I] = 1 
mole PPS/100 moles C=C. 
 
Time (min) C=C (cm
-1
) C=C Height N-H (cm
-1
) Height N-H C-H (cm
-1
) Height C-H α α model α-αmodel
0 1628 0.080 3298 0.042 1452 0.149 -5.061 0.000 -5.061
25 1628 0.051 3298 0.037 1452 0.160 -3.386 0.000 -3.386
50 1628 0.033 3298 0.037 1452 0.166 -1.838 0.000 -1.838
100 1628 0.020 3298 0.035 1452 0.176 -0.818 0.000 -0.818
150 1628 0.015 3298 0.034 1452 0.176 -0.404 0.000 -0.404
200 1628 0.011 3298 0.035 1452 0.180 0.000 0.000 0.000
250 1628 0.011 3298 0.032 1452 0.182 -0.094 0.000 -0.094
300 1628 0.010 3298 0.033 1452 0.181 0.036 0.000 0.036
400 1628 0.008 3298 0.035 1452 0.181 0.273 0.000 0.273
500 1628 0.008 3298 0.033 1452 0.182 0.229 0.000 0.229
600 1628 0.008 3298 0.034 1452 0.183 0.251 0.000 0.251
700 1628 0.008 3298 0.033 1452 0.182 0.229 0.000 0.229
800 1628 0.008 3298 0.033 1452 0.181 0.229 0.000 0.229
900 1628 0.008 3298 0.033 1452 0.182 0.229 0.000 0.229
1000 1628 0.008 3298 0.034 1452 0.181 0.251 0.000 0.251
1200 1628 0.008 3298 0.034 1452 0.181 0.251 0.000 0.251
3298 0.035 k = 0.048
0.000 0.002 m = 0.400
Error 2.48
N-H Average:
N-H STDEV:
 
 
 
 
Table B.4. Run 2 quantitative assessment of the fractional conversion of monomer C=C 
bonds to polymer C-C bonds based on FTIR spectral relative peak heights for [I] = 1 
mole PPS/100 moles C=C. 
 
Time (min) C=C (cm
-1
) C=C Height N-H (cm
-1
) Height N-H C-H (cm
-1
) Height C-H α α model α-αmodel
0 1628 0.080 3298 0.039 1452 0.145 -12.128 0.000 -12.128
25 1628 0.047 3298 0.036 1452 0.157 -7.356 0.000 -7.356
50 1628 0.029 3298 0.036 1452 0.166 -4.156 0.000 -4.156
100 1628 0.014 3298 0.033 1452 0.172 -1.715 0.000 -1.715
150 1628 0.007 3298 0.033 1452 0.177 -0.358 0.000 -0.358
200 1628 0.005 3298 0.032 1452 0.178 0.000 0.000 0.000
250 1628 0.005 3298 0.032 1452 0.178 0.000 0.000 0.000
300 1628 0.003 3298 0.032 1452 0.179 0.400 0.000 0.400
400 1628 0.002 3298 0.035 1452 0.180 0.634 0.000 0.634
500 1628 0.002 3298 0.033 1452 0.181 0.612 0.000 0.612
600 1628 0.003 3298 0.034 1452 0.182 0.435 0.000 0.435
700 1628 0.003 3298 0.033 1452 0.184 0.418 0.000 0.418
800 1628 0.002 3298 0.035 1452 0.185 0.634 0.000 0.634
900 1628 0.001 3298 0.035 1452 0.187 0.817 0.000 0.817
1000 1628 0.001 3298 0.037 1452 0.188 0.827 0.000 0.827
1200 1628 0.002 3298 0.038 1452 0.187 0.663 0.000 0.663
3298 0.035 k = 0.048
0.000 0.002 m = 0.400
Error 5.23
N-H Average:
N-H STDEV:
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Table B.5. Run 3 quantitative assessment of the fractional conversion of monomer C=C 
bonds to polymer C-C bonds based on FTIR spectral relative peak heights for [I] = 1 
mole PPS/100 moles C=C. 
 
Time (min) C=C (cm
-1
) C=C Height N-H (cm
-1
) Height N-H C-H (cm
-1
) Height C-H α α model α-αmodel
0 1628 0.079 3298 0.040 1452 0.147 -3.691 0.000 -3.691
25 1628 0.053 3298 0.039 1452 0.156 -2.228 0.000 -2.228
50 1628 0.039 3298 0.038 1452 0.162 -1.438 0.000 -1.438
100 1628 0.026 3298 0.039 1452 0.167 -0.583 0.000 -0.583
150 1628 0.020 3298 0.038 1452 0.171 -0.250 0.000 -0.250
200 1628 0.016 3298 0.038 1452 0.173 0.000 0.000 0.000
250 1628 0.014 3298 0.038 1452 0.173 0.125 0.000 0.125
300 1628 0.012 3298 0.038 1452 0.174 0.250 0.000 0.250
400 1628 0.011 3298 0.039 1452 0.178 0.330 0.000 0.330
500 1628 0.010 3298 0.042 1452 0.179 0.435 0.000 0.435
600 1628 0.009 3298 0.041 1452 0.179 0.479 0.000 0.479
700 1628 0.009 3298 0.041 1452 0.179 0.479 0.000 0.479
800 1628 0.007 3298 0.040 1452 0.183 0.584 0.000 0.584
900 1628 0.007 3298 0.040 1452 0.184 0.584 0.000 0.584
1000 1628 0.008 3298 0.040 1452 0.186 0.525 0.000 0.525
1200 1628 0.007 3298 0.038 1452 0.184 0.563 0.000 0.563
3298 0.039 k = 0.035
0.000 0.001 m = 0.375
Error 0.990
N-H Average:
N-H STDEV:
 
 
 
 
Table B.6. Average quantitative assessment of the fractional conversion of monomer 
C=C bonds to polymer C-C bonds based on FTIR spectral relative peak heights for [I] = 
1 mole PPS/100 moles C=C. 
 
Time (min) Run 1: α Run 2: α Run 3: α Average α STDEV Avg. α model α-αmodel
0 0.000 0.000 0.000 0.000 0.000 0.000 0.000
25 0.276 0.364 0.312 0.317 0.044 0.305 0.013
50 0.532 0.607 0.480 0.540 0.064 0.543 -0.003
100 0.700 0.793 0.662 0.719 0.067 0.742 -0.023
150 0.768 0.897 0.734 0.799 0.086 0.815 -0.015
200 0.835 0.924 0.787 0.849 0.070 0.849 -0.001
250 0.820 0.924 0.813 0.852 0.062 0.868 -0.016
300 0.841 0.954 0.840 0.878 0.066 0.880 -0.002
400 0.880 0.972 0.857 0.903 0.061 0.894 0.009
500 0.873 0.970 0.879 0.908 0.055 0.901 0.006
600 0.876 0.957 0.889 0.907 0.043 0.905 0.002
700 0.873 0.956 0.889 0.906 0.044 0.908 -0.003
800 0.873 0.972 0.911 0.919 0.050 0.910 0.008
900 0.873 0.986 0.911 0.923 0.058 0.912 0.012
1000 0.876 0.987 0.899 0.921 0.058 0.913 0.008
1200 0.876 0.974 0.907 0.919 0.050 0.914 0.005
k = 0.042
m = 0.350
Error 1.20E-05  
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Appendix C: Additional ILG Pictures 
 
 
 
 
 
 
Figure C.1. Cylindrical specimen of chemical formulation # 3 from 
Figure 4.6 and Table 4.2. 
 
 
 
 
 
Figure C.2. Cylindrical specimen of chemical formulation # 6 
from Figure 4.6 and Table 4.2. 
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Figure C.3. Cylindrical specimen of chemical formulation # 8 from 
Figure 4.6 and Table 4.2. 
 
 
 
 
 
Figure C.4. Cylindrical specimen of chemical formulation # 9 from 
Figure 4.6 and Table 4.2. 
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Figure C.5. Cylindrical specimen of chemical formulation # 
11 from Figure 4.6 and Table 4.2. 
 
 
 
 
 
Figure C.6. Cylindrical specimen of chemical formulation # 13 
from Figure 4.6 and Table 4.2. 
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Figure C.7. Cylindrical specimen of chemical formulation # 13 
from Figure 4.6 and Table 4.2. 
 
 
 
 
 
Figure C.8. Cylindrical specimen of chemical formulation # 14 
from Figure 4.6 and Table 4.2. 
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Appendix D: DMA Tg Graphs for the ILG 
 
 
 
 
 The figures in this appendix illustrate the graphs of the storage modulus and loss 
modulus versus temperature for DOE ILG chemical formulations 1-2, 4-14.  The glass 
transition temperature of each formulation is determined as the temperature 
corresponding to the maximum of the loss modulus peak. 
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Figure D.1. Graph of storage modulus and loss modulus versus 
temperature for DOE ILG formulation #1. 
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Figure D.2. Graph of storage modulus and loss modulus versus 
temperature for DOE ILG formulation #2. 
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Figure D.3. Graph of storage modulus and loss modulus versus 
temperature for DOE ILG formulation #4. 
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Figure D.4. Graph of storage modulus and loss modulus versus 
temperature for DOE ILG formulation #5. 
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Figure D.5. Graph of storage modulus and loss modulus versus 
temperature for DOE ILG formulation #6. 
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Figure D.6. Graph of storage modulus and loss modulus versus 
temperature for DOE ILG formulation #7. 
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Figure D.7. Graph of storage modulus and loss modulus versus 
temperature for DOE ILG formulation #8. 
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Figure D.8. Graph of storage modulus and loss modulus versus 
temperature for DOE ILG formulation #9. 
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Figure D.9. Graph of storage modulus and loss modulus versus 
temperature for DOE ILG formulation #10. 
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Figure D.10. Graph of storage modulus and loss modulus versus 
temperature for DOE ILG formulation #11. 
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Figure D.11. Graph of storage modulus and loss modulus versus 
temperature for DOE ILG formulation #12. 
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Figure D.12. Graph of storage modulus and loss modulus versus 
temperature for DOE ILG formulation #13. 
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Figure D.13. Graph of storage modulus and loss modulus versus 
temperature for DOE ILG formulation #14. 
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Appendix E: DSC Tg Graphs for the ILG 
 
 
 
 
 The figures in this appendix illustrate the graphs of heat flow versus temperature 
for DOE ILG chemical formulations 1-3, 5, 7-14.  The glass transition temperature of 
each formulation is determined as the temperature corresponding to the inflection point of 
the heat flow curve or as the maximum of the first derivative of the heat flow curve. 
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Figure E.1. Graph of heat flow versus temperature for DOE 
ILG formulation #1. 
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Figure E.2. Graph of heat flow versus temperature for DOE 
ILG formulation #2. 
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Figure E.3. Graph of heat flow versus temperature for DOE 
ILG formulation #3. 
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Figure E.4. Graph of heat flow versus temperature for DOE 
ILG formulation #5. 
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Figure E.5. Graph of heat flow versus temperature for DOE 
ILG formulation #7. 
158 
 
-80 -70 -60 -50 -40 -30 -20 -10
-5.0
-4.5
-4.0
-3.5
-3.0
-2.5
-2.0
Exotherm ↑
Tg = -70.17°C
 
 
H
e
a
t 
F
lo
w
 (
m
W
)
Temperature (°C)
 
Figure E.6. Graph of heat flow versus temperature for DOE 
ILG formulation #8. 
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Figure E.7. Graph of heat flow versus temperature for DOE 
ILG formulation #9. 
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Figure E.8. Graph of heat flow versus temperature for DOE 
ILG formulation #10. 
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Figure E.9. Graph of heat flow versus temperature for DOE 
ILG formulation #11. 
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Figure E.10. Graph of heat flow versus temperature for 
DOE ILG formulation #12. 
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Figure E.11. Graph of heat flow versus temperature for 
DOE ILG formulation #13. 
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Figure E.12. Graph of heat flow versus temperature for 
DOE ILG formulation #14. 
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Appendix F: DSC Tg Graphs for Dried ILG Polymer Networks 
 
 
 
 
 The figures in this appendix illustrate the graphs of heat flow versus temperature 
for dried polymer networks of DOE ILG chemical formulations 2-4, 6, 8, 14.  The glass 
transition temperature of each formulation is determined as the temperature 
corresponding to the inflection point of the heat flow curve or as the maximum of the first 
derivative of the heat flow curve. 
 
 
 
-25 0 25 50 75 100 125 150 175
-4.0
-3.5
-3.0
-2.5
-2.0
-1.5
-1.0
Exotherm ↑
Tg = 110.14°C  
 
H
e
a
t 
F
lo
w
 (
m
W
)
Temperature (°C)
 
Figure F.1. Graph of heat flow versus temperature for dried polymer 
network of DOE ILG formulation #2. 
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Figure F.2. Graph of heat flow versus temperature for dried polymer 
network of DOE ILG formulation #3. 
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Figure F.3. Graph of heat flow versus temperature for dried polymer 
network of DOE ILG formulation #4. 
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Figure F.4. Graph of heat flow versus temperature for dried polymer 
network of DOE ILG formulation #6. 
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Figure F.5. Graph of heat flow versus temperature for dried polymer 
network of DOE ILG formulation #8. 
165 
 
-50 -25 0 25 50 75 100 125 150 175 200
-4.0
-3.5
-3.0
-2.5
-2.0
-1.5
-1.0
Tg = 156.31°C 
Exotherm ↑
 
H
e
a
t 
F
lo
w
 (
m
W
)
Temperature (°C)
 
Figure F.6. Graph of heat flow versus temperature for dried polymer 
network of DOE ILG formulation #9. 
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Figure F.7. Graph of heat flow versus temperature for dried polymer 
network of DOE ILG formulation #11. 
166 
 
-25 0 25 50 75 100 125 150 175 200
-8
-7
-6
-5
-4
-3
Tg = 153.68°C 
Exotherm ↑
 
H
e
a
t 
F
lo
w
 (
m
W
)
Temperature (°C)
 
Figure F.8. Graph of heat flow versus temperature for dried polymer 
network of DOE ILG formulation #13. 
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Figure F.9. Graph of heat flow versus temperature for dried polymer 
network of DOE ILG formulation #14. 
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Figure F.10. Graph of heat flow versus temperature for dried polymer 
network of DOE ILG formulation #15. 
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Figure F.11. Graph of heat flow versus temperature for dried polymer 
network of DOE ILG formulation #16. 
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Appendix G: Compressive Stress-Strain Table & Graphs for the ILG 
 
 
 
 
 The table and figures in this appendix illustrate the tabulated results and graphs of 
the compressive stress-strain curves DOE ILG chemical formulations 1, 3-13.  The elastic 
modulus in compression of each formulation is determined as the slope of the elastic 
region of the compressive stress-strain curves.  As mentioned in chapter 5, in order to 
calculate the slope of the elastic region of the compressive stress-strain curves, the x-axis 
had to be adjusted such that the linear fit would only capture the elastic portion of the 
curve. 
 
 
Table G.1. Results for the servo-hydraulic mechanical tests to obtain the EC of each 
formulation based on the slope of the elastic region of the compressive stress-strain 
curves; three specimens of each formulation were tested and compared. 
 
Ternary Plot # EC (kPa)  Specimen 1 EC (kPa) Specimen 2 EC (kPa) Specimen 3
1 10367 10107 12231
2 3352 3309 3611
3 8764 14535 10739
4 24 22 24
5 3079 4608 4422
6 45 47 47
7 183 253 284
8 481 372 443
9 4022 4493 4554
10 3235 3094 3542
11 5265 7012 6270
12 192 209 208
13 4481 3510 3985
14 ≤ 10 ≤ 10 ≤ 10
15 x x x
16 x x x  
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Figure G.1. Graph of compressive σ versus adjusted ε with EC result 
specimen 1 of DOE ILG formulation #1. 
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Figure G.2. Graph of compressive σ versus adjusted ε with EC result 
specimen 2 of DOE ILG formulation #1. 
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Figure G.3. Graph of compressive σ versus adjusted ε with EC result 
specimen 3 of DOE ILG formulation #1. 
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Figure G.4. Graph of compressive σ versus adjusted ε with EC result 
specimen 1 of DOE ILG formulation #3. 
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Figure G.5. Graph of compressive σ versus adjusted ε with EC result 
specimen 2 of DOE ILG formulation #3. 
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Figure G.6. Graph of compressive σ versus adjusted ε with EC result 
specimen 3 of DOE ILG formulation #3. 
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Figure G.7. Graph of compressive σ versus adjusted ε with EC result 
specimen 1 of DOE ILG formulation #4. 
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Figure G.8. Graph of compressive σ versus adjusted ε with EC result 
specimen 2 of DOE ILG formulation #4. 
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Figure G.9. Graph of compressive σ versus adjusted ε with EC result 
specimen 3 of DOE ILG formulation #4. 
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Figure G.10. Graph of compressive σ versus adjusted ε with EC result 
specimen 1 of DOE ILG formulation #5. 
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Figure G.11. Graph of compressive σ versus adjusted ε with EC result 
specimen 2 of DOE ILG formulation #5. 
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Figure G.12. Graph of compressive σ versus adjusted ε with EC result 
specimen 3 of DOE ILG formulation #5. 
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Figure G.13. Graph of compressive σ versus adjusted ε with EC result 
specimen 1 of DOE ILG formulation #6. 
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Figure G.14. Graph of compressive σ versus adjusted ε with EC result 
specimen 2 of DOE ILG formulation #6. 
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Figure G.15. Graph of compressive σ versus adjusted ε with EC result 
specimen 3 of DOE ILG formulation #6. 
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Figure G.16. Graph of compressive σ versus adjusted ε with EC result 
specimen 1 of DOE ILG formulation #7. 
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Figure G.17. Graph of compressive σ versus adjusted ε with EC result 
specimen 2 of DOE ILG formulation #7. 
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Figure G.18. Graph of compressive σ versus adjusted ε with EC result 
specimen 3 of DOE ILG formulation #7. 
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Figure G.19. Graph of compressive σ versus adjusted ε with EC result 
specimen 1 of DOE ILG formulation #8. 
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Figure G.20. Graph of compressive σ versus adjusted ε with EC result 
specimen 2 of DOE ILG formulation #8. 
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Figure G.21. Graph of compressive σ versus adjusted ε with EC result 
specimen 3 of DOE ILG formulation #8. 
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Figure G.22. Graph of compressive σ versus adjusted ε with EC result 
specimen 1 of DOE ILG formulation #9. 
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Figure G.23. Graph of compressive σ versus adjusted ε with EC result 
specimen 2 of DOE ILG formulation #9. 
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Figure G.24. Graph of compressive σ versus adjusted ε with EC result 
specimen 3 of DOE ILG formulation #9. 
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Figure G.25. Graph of compressive σ versus adjusted ε with EC result 
specimen 1 of DOE ILG formulation #10. 
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Figure G.26. Graph of compressive σ versus adjusted ε with EC result 
specimen 2 of DOE ILG formulation #10. 
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Figure G.27. Graph of compressive σ versus adjusted ε with EC result 
specimen 3 of DOE ILG formulation #10. 
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Figure G.28. Graph of compressive σ versus adjusted ε with EC result 
specimen 1 of DOE ILG formulation #11. 
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Figure G.29. Graph of compressive σ versus adjusted ε with EC result 
specimen 2 of DOE ILG formulation #11. 
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Figure G.30. Graph of compressive σ versus adjusted ε with EC result 
specimen 3 of DOE ILG formulation #11. 
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Figure G.31. Graph of compressive σ versus adjusted ε with EC result 
specimen 1 of DOE ILG formulation #12. 
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Figure G.32. Graph of compressive σ versus adjusted ε with EC result 
specimen 2 of DOE ILG formulation #12. 
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Figure G.33. Graph of compressive σ versus adjusted ε with EC result 
specimen 3 of DOE ILG formulation #12. 
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Figure G.34. Graph of compressive σ versus adjusted ε with EC result 
specimen 1 of DOE ILG formulation #13. 
186 
 
0.00 0.01 0.02 0.03 0.04 0.05
70
105
140
175
210
245
280
y = 3510*x + 76
R
2
 = 0.99
 
 
C
o
m
p
r
e
ss
iv
e
 S
tr
e
ss
 (
k
P
a
)
Adjusted Compressive Strain (mm/mm)
 
Figure G.35. Graph of compressive σ versus adjusted ε with EC result 
specimen 2 of DOE ILG formulation #13. 
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Figure G.36. Graph of compressive σ versus adjusted ε with EC result 
specimen 3 of DOE ILG formulation #13. 
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Appendix H: Gravimetric Analysis 
 
 
 
 
 Table H.1 thru Table H.9 are raw data measurements and mass change in percents 
data for the gravimetric analysis of ILG and BG in an atmosphere of 25°C and varying 
relative humidities.  These data are used in section 5.4.3.1. 
 Table H.10 and Table H.11 are raw measurements and mass change in percents 
data for the gravimetric analysis of ILG and BG in a 60°C, nitrogen purged atmosphere.  
These data are used in section 5.4.3.2. 
 
 
Table H.1. Raw data measurements for ILG formulation #6 and BG for 
25°C and 30% relative humidity. 
 
Time (hours) Specimen 1 (g) Specimen 2 (g) Specimen 3 (g) Specimen 1 (g) Specimen 2 (g) Specimen 3 (g)
0 1.8188 1.9098 1.9250 0.8634 1.0322 0.9967
24 1.8815 2.0401 2.0511 0.1602 0.1966 0.1840
48 1.9870 2.0844 2.1012 0.1573 0.1919 0.1812
144 1.9978 2.0911 2.1154 0.1577 0.1918 0.1812
168 1.9921 2.0915 2.1142 0.1578 0.1917 0.1813
Ballistic GelatinIonic Liquid Gel
 
 
 
 
Table H.2. Raw data measurements for ILG formulation #6 and BG for 
25°C and 60% relative humidity. 
 
Time (hours) Specimen 1 (g) Specimen 2 (g) Specimen 3 (g) Specimen 1 (g) Specimen 2 (g) Specimen 3 (g)
0 1.8306 1.7928 1.7236 1.1631 0.7495 0.7129
24 2.1921 2.1437 2.0695 0.2733 0.1654 0.1498
72 2.2977 2.2526 2.1701 0.2664 0.1650 0.1506
168 2.3055 2.2672 2.1768 0.2634 0.1629 0.1473
Ballistic GelatinIonic Liquid Gel
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Table H.3. Raw data measurements for ILG formulation #6 and BG for 
25°C and 90% relative humidity. 
 
Time (hours) Specimen 1 (g) Specimen 2 (g) Specimen 3 (g) Specimen 1 (g) Specimen 2 (g) Specimen 3 (g)
0 2.1461 2.5438 2.2351 0.7979 0.7699 0.6539
1 2.2709 2.6909 2.3555 0.7705 0.7406 0.6216
4 2.4598 2.9143 2.5475 0.7053 0.6667 0.5510
26 3.1795 3.8075 3.4244 0.3292 0.2978 0.2265
30 3.2555 3.8941 3.4894 0.2810 0.2516 0.1888
33 3.2973 3.9387 3.5321 0.2604 0.2310 0.1771
99 3.6971 4.4388 3.8755 0.2102 0.1880 0.1619
103 3.7080 4.4458 3.8801 0.2063 0.1875 0.1622
104.5 3.7118 4.4482 3.8854 0.2057 0.1877 0.1622
120 3.7459 4.4673 3.9038 0.2088 0.1875 0.1627
126 3.7601 4.4810 3.9182 0.2029 0.1876 0.1622
148 3.8011 4.5154 3.9476 0.2072 0.1888 0.1622
152 3.7995 4.5110 3.9418 0.2069 0.1881 0.1616
169 3.8121 4.5391 3.9632 0.2079 0.1896 0.1623
174 3.8241 4.5407 3.9639 0.2074 0.1891 0.1628
Ionic Liquid Gel Ballistic Gelatin
 
 
 
 
Table H.4. Mass change data of ILG formulation #6 for 25°C and 30% relative humidity. 
 
Time (hours) Specimen 1 (%) Specimen 2 (%) Specimen 3 (%) Average (%) ST.DEV. (± %)
0 0.0 0.0 0.0 0.0 0.0
24 3.4 6.8 6.6 5.6 1.9
48 9.2 9.1 9.2 9.2 0.1
144 9.8 9.5 9.9 9.7 0.2
168 9.5 9.5 9.8 9.6 0.2  
 
 
 
Table H.5. Mass change data of BG for 25°C and 30 % relative humidity. 
 
Time (hours) Specimen 1 (%) Specimen 2 (%) Specimen 3 (%) Average (%) ST.DEV. (± %)
0 0.0 0.0 0.0 0.0 0.0
24 -81.4 -81.0 -81.5 -81.3 0.3
48 -81.8 -81.4 -81.8 -81.7 0.2
144 -81.7 -81.4 -81.8 -81.7 0.2
168 -81.7 -81.4 -81.8 -81.7 0.2  
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Table H.6. Mass change data of ILG formulation #6 for 25°C and 60% relative humidity. 
 
Time (hours) Specimen 1 (%) Specimen 2 (%) Specimen 3 (%) Average (%) ST.DEV. (± %)
0 0.0 0.0 0.0 0.0 0.0
24 19.7 19.6 20.1 19.8 0.3
72 25.5 25.6 25.9 25.7 0.2
168 25.9 26.5 26.3 26.2 0.3  
 
 
 
Table H.7. Mass change data of BG for 25°C and 60% relative humidity. 
 
Time (hours) Specimen 1 (%) Specimen 2 (%) Specimen 3 (%) Average (%) ST.DEV. (± %)
0 0.00 0.00 0.00 0.00 0.00
24 -76.50 -77.93 -78.99 -77.81 1.25
72 -77.10 -77.99 -78.88 -77.99 0.89
168 -77.35 -78.27 -79.34 -78.32 0.99  
 
 
 
Table H.8. Mass change data of ILG formulation #6 for 25°C and 90% relative humidity. 
 
Time (hours) Specimen 1 (%) Specimen 2 (%) Specimen 3 (%) Average (%) ST.DEV. (± %)
0 0.00 0.00 0.00 0.00 0.00
1 5.82 5.78 5.39 5.66 0.24
4 14.62 14.56 13.98 14.39 0.36
26 48.15 49.68 53.21 50.35 2.59
30 51.69 53.08 56.12 53.63 2.26
33 53.64 54.84 58.03 55.50 2.27
99 72.27 74.49 73.39 73.39 1.11
103 72.78 74.77 73.60 73.72 1.00
104.5 72.96 74.86 73.84 73.89 0.96
120 74.54 75.62 74.66 74.94 0.59
126 75.21 76.15 75.30 75.55 0.52
148 77.12 77.51 76.62 77.08 0.44
152 77.04 77.33 76.36 76.91 0.50
169 77.63 78.44 77.32 77.79 0.58
174 78.19 78.50 77.35 78.01 0.60  
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Table H.9. Mass change data of BG for 25°C and 90% relative humidity. 
 
Time (hours) Specimen 1 (%) Specimen 2 (%) Specimen 3 (%) Average (%) ST.DEV. (± %)
0 0.00 0.00 0.00 0.00 0.00
1 -3.43 -3.81 -4.94 -4.06 0.78
4 -11.61 -13.40 -15.74 -13.58 2.07
26 -58.74 -61.32 -65.36 -61.81 3.34
30 -64.78 -67.32 -71.13 -67.74 3.19
33 -67.36 -70.00 -72.92 -70.09 2.78
99 -73.66 -75.58 -75.24 -74.83 1.03
103 -74.14 -75.65 -75.19 -75.00 0.77
104.5 -74.22 -75.62 -75.19 -75.01 0.72
120 -73.83 -75.65 -75.12 -74.87 0.93
126 -74.57 -75.63 -75.19 -75.13 0.53
148 -74.03 -75.48 -75.19 -74.90 0.77
152 -74.07 -75.57 -75.29 -74.97 0.80
169 -73.94 -75.37 -75.18 -74.83 0.78
174 -74.01 -75.44 -75.10 -74.85 0.75  
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Table H.10. Raw data measurements for ILG formulations 2-6, 8-9, 
11, 13-16 in pure [EMIM][EtSO4] at 60°C and in an N2 atmosphere. 
 
ILG Specimen # 0 21 46 118 141 164 193 214
1 0.2393 0.2846 0.2927 0.3013 0.3035 0.3062 0.309
2 0.2479 0.2930 0.3049 0.3141 0.3177 0.321 0.3214
3 0.2290 0.2830 0.2834 0.2901 0.2932 0.2942 0.2973
1 0.3163 0.3314 0.3403 0.3356 0.3334 0.3335 0.3325
2 0.2784 0.2958 0.2990 0.2942 0.2947 0.2922 0.292
3 0.2670 0.2799 0.2833 0.2817 0.2791 0.2808 0.2802
1 0.3922 0.6435 0.7312 0.9376 0.9516 0.9792 1.0100 0.9864
2 0.3746 0.6191 0.6922 0.8985 0.9281 0.9308 0.9164 0.9051
3 0.2339 0.3910 0.4585 0.6019 0.6294 0.643 0.6607 0.6696
1 0.2155 0.2386 0.2401 0.2338 0.2372 0.2355 0.235
2 0.1763 0.2032 0.1972 0.1910 0.1908 0.1921 0.1921
3 0.1644 0.1856 0.1830 0.1791 0.1778 0.1774 0.1793
1 0.2755 0.4162 0.4673 0.5454 0.5646 0.5783 0.5900 0.6063
2 0.3079 0.4576 0.5148 0.5997 0.6236 0.638 0.6635 0.6699
3 0.2290 0.3451 0.3850 0.4502 0.4681 0.4807 0.4906 0.4978
1 0.3290 0.3796 0.4006 0.3946 0.3946 0.3949 0.3996
2 0.3115 0.3602 0.3670 0.3698 0.3705 0.3708 0.3734
3 0.2999 0.3479 0.3610 0.3564 0.3536 0.358 0.3586
1 0.3270 0.3252 0.3116 0.3082 0.3093 0.3107 0.3116
2 0.2654 0.2627 0.2513 0.2528 0.2513 0.2556 0.258
3 0.2915 0.2869 0.2747 0.2736 0.2753 0.2764 0.2779
1 0.2884 0.2896 0.2818 0.2760 0.2767 0.276 0.2785
2 0.2440 0.2491 0.2430 0.2365 0.2374 0.2372 0.2379
3 0.2165 0.2209 0.2139 0.2107 0.2100 0.2099 0.2116
1 0.2470 0.2360 0.2403 0.2276 0.2310 0.231 0.2328
2 0.2137 0.2050 0.2040 0.1999 0.2009 0.2012 0.2006
3 0.2388 0.2273 0.2263 0.2260 0.2247 0.2243 0.2248
1 0.2678 0.3603 0.3860 0.4034
2 0.2357 0.3246 0.3430 0.3509 0.3443 0.3423 0.3417
3 0.2746 0.3643 0.3854 0.4073 0.4114 0.4092 0.4027
1 0.1026 0.1029 0.0994 0.0944 0.0990 0.0989 0.0972
2 0.1019 0.1004 0.0964 0.0954 0.0953 0.0956 0.0951
3 0.1254 0.1245 0.1216 0.1210 0.1187 0.1187 0.1172
1 0.1700 0.1708
2 0.0922 0.0925 0.0862 0.0853 0.0850 0.0823 0.0808
3 0.1243 0.1237 0.1151 0.1144 0.1133 0.1119 0.1092
16
Mass (grams)
8
9
11
13
14
15
Time (hours)
2
3
4
5
6
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Table H.11. Mass change data for ILG formulations 2-6, 8-9, 11, 13-
16 in pure [EMIM][EtSO4] at 60°C and in an N2 atmosphere. 
 
ILG Specimen # 0 21 46 118 141 164 193 214
1 0.00 18.93 22.32 25.91 26.83 27.96 29.13
2 0.00 18.19 22.99 26.70 28.16 29.49 29.65
3 0.00 23.58 23.76 26.68 28.03 28.47 29.83
Average 0.00 20.23 23.02 26.43 27.67 28.64 29.53
St. Dev. 0.00 2.92 0.72 0.45 0.73 0.78 0.36
1 0.00 4.77 7.59 6.10 5.41 5.44 5.12
2 0.00 6.25 7.40 5.68 5.85 4.96 4.89
3 0.00 4.83 6.10 5.51 4.53 5.17 4.94
Average 0.00 5.29 7.03 5.76 5.26 5.19 4.98
St. Dev. 0.00 0.84 0.81 0.31 0.67 0.24 0.12
1 0.00 64.07 86.44 139.06 142.63 149.67 157.52 151.50
2 0.00 65.27 84.78 139.86 147.76 148.48 144.63 141.62
3 0.00 67.17 96.02 157.33 169.09 174.90 182.47 186.28
Average 0.00 65.50 89.08 145.42 153.16 157.68 161.54 159.80
St. Dev. 0.00 1.56 6.07 10.33 14.03 14.93 19.24 23.46
1 0.00 10.72 11.42 8.49 10.07 9.28 9.05
2 0.00 15.26 11.85 8.34 8.22 8.96 8.96
3 0.00 12.90 11.31 8.94 8.15 7.91 9.06
Average 0.00 12.96 11.53 8.59 8.82 8.72 9.02
St. Dev. 0.00 2.27 0.29 0.31 1.09 0.72 0.05
1 0.00 51.07 69.62 97.97 104.94 109.91 114.16 120.07
2 0.00 48.62 67.20 94.77 102.53 107.21 115.49 117.57
3 0.00 50.70 68.12 96.59 104.41 109.91 114.24 117.38
Average 0.00 50.13 68.31 96.44 103.96 109.01 114.63 118.34
St. Dev. 0.00 1.32 1.22 1.60 1.26 1.56 0.75 1.50
1 0.00 15.38 21.76 19.94 19.94 20.03 21.46
2 0.00 15.63 17.82 18.72 18.94 19.04 19.87
3 0.00 16.01 20.37 18.84 17.91 19.37 19.57
Average 0.00 15.67 19.98 19.16 18.93 19.48 20.30
St. Dev. 0.00 0.31 2.00 0.67 1.02 0.51 1.01
2
3
4
5
6
8
Mass Change (%) Time (hours)
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Table  H.11. Continued 
 
ILG Specimen # 0 21 46 118 141 164 193 214
1 0.00 -0.55 -4.71 -5.75 -5.41 -4.98 -4.71
2 0.00 -1.02 -5.31 -4.75 -5.31 -3.69 -2.79
3 0.00 -1.58 -5.76 -6.14 -5.56 -5.18 -4.67
Average 0.00 -1.05 -5.26 -5.55 -5.43 -4.62 -4.05
St. Dev. 0.00 0.51 0.53 0.72 0.12 0.81 1.10
1 0.00 0.42 -2.29 -4.30 -4.06 -4.30 -3.43
2 0.00 2.09 -0.41 -3.07 -2.70 -2.79 -2.50
3 0.00 2.03 -1.20 -2.68 -3.00 -3.05 -2.26
Average 0.00 1.51 -1.30 -3.35 -3.25 -3.38 -2.73
St. Dev. 0.00 0.95 0.94 0.85 0.71 0.81 0.62
1 0.00 -4.45 -2.71 -7.85 -6.48 -6.48 -5.75
2 0.00 -4.07 -4.54 -6.46 -5.99 -5.85 -6.13
3 0.00 -4.82 -5.23 -5.36 -5.90 -6.07 -5.86
Average 0.00 -4.45 -4.16 -6.56 -6.12 -6.13 -5.91
St. Dev. 0.00 0.37 1.30 1.25 0.31 0.32 0.20
1 0.00 34.54 44.14 50.63
2 0.00 37.72 45.52 48.88 46.08 45.23 44.97
3 0.00 32.67 40.35 48.32 49.82 49.02 46.65
Average 0.00 34.97 43.34 49.28 47.95 47.12 45.81
St. Dev. 0.00 2.55 2.68 1.21 2.65 2.68 1.19
1 0.00 0.29 -3.12 -7.99 -3.51 -3.61 -5.26
2 0.00 -1.47 -5.40 -6.38 -6.48 -6.18 -6.67
3 0.00 -0.72 -3.03 -3.51 -5.34 -5.34 -6.54
Average 0.00 -0.63 -3.85 -5.96 -5.11 -5.04 -6.16
St. Dev. 0.00 0.89 1.34 2.27 1.50 1.31 0.78
1 0.00 0.47
2 0.00 0.33 -6.51 -7.48 -7.81 -10.74 -12.36
3 0.00 -0.48 -7.40 -7.96 -8.85 -9.98 -12.15
Average 0.00 0.10 -6.95 -7.72 -8.33 -10.36 -12.26
St. Dev. 0.00 0.51 0.63 0.34 0.74 0.54 0.15
Mass Change (%) Time (hours)
9
11
13
14
15
16
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Appendix I: Conductivity Analysis 
 
 
 
 
 Table I.1 tabulates the raw data measurements of the individual specimen 
resistivities and conductivities for the conductivity analysis of ILG assuming completely 
dry gel specimens with negligible water absorbed.  These data are used in section 5.4.4. 
 
 
 
Table I.1. Raw data measurements for ILG formulations 1-3, 5-14 for the 
calculation of the conductivity of the gels. 
 
ILG Specimen # Contact Area (cm
2
) Thickness (cm) Resistance (Ω) Conductivity (S cm
-1
)
1 1.22 0.3735 568.57 0.000538452
2 1.22 0.3585 560.08 0.000524662
3 1.22 0.3185 529.24 0.000493284
1 1.22 0.3425 931.27 0.000301457
2 1.22 0.3095 761.72 0.000333047
3 1.22 0.2655 600.47 0.000362421
1 1.22 0.2255 682.51 0.000270818
2 1.22 0.2155 668.73 0.000264141
3 1.22 0.1925 659.07 0.000239408
1 1.22 0.2455 338.88 0.000593808
2 1.22 0.2465 343.82 0.00058766
1 1.22 0.1885 272.49 0.000567023
2 1.22 0.2195 360.92 0.000498498
3 1.22 0.1885 266.86 0.000578986
1 1.22 0.4635 221.05 0.001718697
2 1.22 0.5215 230.64 0.00185336
3 1.22 0.4425 200.18 0.001811894
5
3
6
7
1
2
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Table I.1. Continued. 
 
ILG Specimen # Contact Area (cm
2
) Thickness (cm) Resistance (Ω) Conductivity (S cm
-1
)
1 1.22 0.4245 658.36 0.000528511
2 1.22 0.4185 672.06 0.00051042
3 1.22 0.4185 694.96 0.000493601
1 1.22 0.3845 752.92 0.000418589
2 1.22 0.2895 688.37 0.00034472
3 1.22 0.2885 626.57 0.000377413
1 1.22 0.5505 347.69 0.001297793
2 1.22 0.5565 464.77 0.000981448
3 1.22 0.5565 456.02 0.00100028
1 1.22 0.3615 413.92 0.000715867
2 1.22 0.3485 332.12 0.000860098
3 1.22 0.4755 398.94 0.000976974
1 1.22 0.3235 112.23 0.002362683
2 1.22 0.2835 104.29 0.002228182
3 1.22 0.4025 179.59 0.001837062
1 1.22 0.2505 149.68 0.001371779
2 1.22 0.3205 192.09 0.001367614
3 1.22 0.3045 175.83 0.001419497
14 1 1.22 0.1635 112.65 0.001189671
13
8
9
10
11
12
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
